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ABSTRACT 
A study o f  the reminera l iza t ion of organic carbon was conducted i n  
the organ! c - r i  ch sediments o f  Buzzards Bay, MA. Major processes a f f e c t 1  ng 
the carbon chemistry i n  sediments are re f lec ted by changes i n  the s tab le  
carbon i sotope r a t i o s  o f  d i  ssolved inorganic carbon (CCOZ) i n  sediment 
pore water. S ix  cores were co l lec ted  seasonally over a per iod o f  two 
years. The f o l l ow ing  species were measured i n  the pore waters: CCOZ, 
613C-ZCO,, PO4, I H 2 S ,  Alk,  DOC, and Ca. Measurements o f  pore 
water col  1 ected seasonal l y  show large gradients w i t h  depth, which are 
la rger  i n  summer than i n  winter. The 6 I 3 C  CPDB) o f  lC02 var ies  
from 1.3 o/oo i n  the bottom water t o  approximately -10 o / w  a t  30 cm. 
Durlng a l l  seasons, there was a t rend  towards more negative values w i t h  
depth i n  the upper 8 cm due to the reminera l iza t ion o f  organic matter. 
There was a t rend toward more p o s i t i v e  values below 8 cm, most l i k e l y  due 
t o  b io log ica l  i r r i g a t i o n  o f  sediments w i th  bottom water. Below 16-20 cm, a 
negative grad ient  was re-establ i shed whl ch ind icates  a r e tu rn  t o  
reminera l i za t ion  as the main process a f f e c t i n g  pore water chemistry. 
Using the I C O r  depth p r o f i l e ,  i t  was estimated t h a t  67-85 gC/mZ 
are  oxid ized annual ly and 5 gClm2-yr are buried. The amount o f  carbon 
ox id ized represented remineral i z a t i o n  occur r ing w i t h i n  the sediments. Th1 s 
est imate ind icated t ha t  approximately 20% o f  the annual pr imary 
p r o d u c t i v i t y  reached the sediments. The ca lcu la ted remineral i z a t i o n  ra tes  
va r ied  seasonally w i th  the high o f  7.5 x l o - '  mol/L-sec observed i n  
August 84 and the low (0.6 x lo-') i n  December 83. The ca lcu la ted 
remineral i z a t i o n  ra tes  were dependent on the amount o f  i r r i g a t i o n  i n  the 
sediments; i f  the i r r i g a t i o n  parameter i s  known t o  220%. then the 
reminera l i za t ion  ra tes  are known to t h i s  ce r t a i n t y  a lso.  The amount o f  
i r r i g a t i o n  i n  the sediments was est lmated using the r e s u l t s  o f  a seasonal 
study o f  222Rn/Z26 Ra d i s e q u i l i b r i a  a t  the same study s i t e  (Mart in,  
1985).  Estimates o f  the annual reminera l i za t ion  i n  the sediments using 
sol  id-phase data i n d l  cated t ha t  the so l  id-phase p r o f i l e s  were no t  a t  
steady-state concentrat ions. 
The i so top i c  s ignature o f  CCOz was used as an i nd i ca to r  o f  the 
processes a f f e c t i n g  CCO, i n  pore water. During every month, the 
ox i da t i on  o f  organic carbon t o  COz provided over h a l f  o f  the carbon added 
t o  the CCO, pool .  However, i n  every month, the b' 'C o f  CC02 
added to the pore water i n  the surface sediments was greater  than -15 o/oo, 
s i g n i f i c a n t l y  greater  than the 613C o f  sol  id-phase organic carbon i n  
the sediments (-20.6 oloo) .  The 6 I 3 C  o f  lCOt  added t o  the pore 
water i n  the sediments deeper than 7 cm was between -20 and -21 o/oo, 
s i m i l a r  t o  the organic carbon i n  the sediments. Possible explanations o f  
the 'C-enrichment observed i n  the surface sediments were: 
a) s i g n i f i c a n t  d i s so lu t i on  o f  CaC0, (&13C = + I  - 7  o/oo) 
b) the add i t i on  o f  s i g n i f i c a n t  amounts o f  carbonate i o n  from 
bottom water t o  pore water 
c) an i so top i c  d i f fe rence  between the carbon ox id ized i n  the 
sediments 
and t h a t  remaining i n  the sediments. 
The e f f e c t  o f  CaC03 dissolution was quan t i f i ed  us ing measured d isso lved 
Ca prof1 Tes and was not  large enough t o  exp la in  the observed i so top ic  
enrichment. 
An add l t i ona l  source o f  ' 3C-enriched carbon was bottom water 
carbonate ion.  I n  every month studied, there was a net f l u x  o f  lCOz 
from pore water t o  bottom water. The f l u x  of pore water CCO, t o  bottom 
water ranged from a minimum o f  10 x 10 - l2  mol /cm2-sec i n  December 83 t o  
a maxlmum o f  50 x l o - '  mol /cm2-sec i n  August 84. However, because the 
pH of bottom water was about 8 whi le t ha t  o f  the pore water was less than 
o r  equal t o  7, the r e l a t i v e  propor t ion o f  the d i f f e r e n t  species o f  
inorganic carbon (H2COi ,  HCO;, CO:-1 was very d i f f e ren t  i n  
bottom water and pore water. Thus, whi le there was a ne t  f t  ux o f  CCO, 
from pore water t o  bottom water, there was a f l u x  o f  carbonate i o n  from 
bottom water t o  pore water. Because bottom water ICO, was more 
' 'C-enriched than pore water CCOz, the t ransfer  of bottom water 
carbonate i o n  t o  pore water was a source o f  '"-enriched carbon t o  the 
pore water. I f  the 613C o f  C02 added t o  the pore water from the 
ox idat ion o f  organic carbon was -20.6 0100, then the f l u x  o f  Cog- from 
bottom water t o  pore water must have been 10-30% o f  the t o t a l  f l u x  o f  
CC02 from pore water t o  bottom water. This i s  consistent  w i t h  the 
amount ca lcu la ted from the observed gradient  i n  carbonate ion. 
Laboratory experiments were conducted t o  determine whether the 
6 '  'C o f  Con produced from the ox ida t ion  o f  organic carbon 
(&'3C-OC,,> was d i f f e r e n t  from the 613C o f  organic carbon i n  the 
sediments (6 '  3C-SOC). I n  the laboratory  experiments, mud f rom the 
sampling s i t e  was incubated a t  a constant temperature. Three depths were 
studied (0-3, 10-15, and 20-25 cm). For the f i r s t  study ( I E l ) ,  sediment 
was s t i r r e d  t o  homogenize i t  before packing i n t o  cen t r i f uge  tubes f o r  
incubation. For the second study ( I E 2 1 ,  sediment was int roduced d i r e c t l y  
i n t o  glass incubat ion tubes by subcoring. The second procedure g rea t l y  
reduced disturbance t o  the sediment. Rates o f  Cot product ion were 
calculated from the concentrat ions o f  ZCO, measured over up t o  46 days. 
I n  both studies,  the values o f  R, i n  the deeper i n t e r v a l s  were 
about 10% o f  the surface values. This was consistent  w i t h  the f i e l d  
resu l ts ,  al though the ra tes  decreased more r a p i d l y  i n  the f i e l d .  I n  a l l  
cases, the reminera l i za t ion  ra tes  dur ing the beginning o f  I E l  were much 
greater than those a t  the beginning o f  I E 2 .  The sediment f o r  IE1 was 
co l lec ted  i n  February 84. The measured value of R, i n  the surface 
sediment of the laboratory  experiment ( 2 4  x l o - '  mol/L-sec) was much 
greater  than the value o f  R, observed i n  the f i e l d  i n  another w in te r  
month, December 83 (.62 x The sediment f o r  IE2 was co l l ec ted  i n  
August 85. The measured values o f  R, i n  the surface sediment (6.6-12 x 
lo - '  mol/L-sec) were cons is tent  w i t h  the f i e l d  values from August 84 (7.5 
x The CCOz r e s u l t s  i nd ica ted  t h a t  I E 2  reproduced f i e l d  
condi t i ons  more accurately than IE1 d i d .  
The i so top ic  r e s u l t s  from the experlments s t rong ly  suggested t h a t  
S'3C-OC,, i n  the surface sediments (-17.8 0100 + 1.9 0100) was 
greater  than 6 '  3C-SOC (-20.6 2 0.2 o/oo). The magnitude of the 
observed f r a c t i o n a t i o n  was small enough t h a t  the observed values o f  
6°C-CC02 i n  the pore waters could be explained by f r ac t i ona ted  
ox idat ion coupled w i t h  the d i f f us i on  o f  carbonate ion from bottom water t o  
pore water. The observed f ract ionat ion was most l i k e l y  due t o  the mul t ip le  
sources o f  organic carbon t o  coastal sediments. A study o f  the na tura l  
leve ls  of radiocarbon I n  these sediments indicated that  the carbon 
preserved i n  the sediments is approximately 30% t e r r e s t r i a l  while the r e s t  
i s  from phytoplankton. 
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Chapter I 
INTRODUCTION 
1.1. In t roduc t ion  
A po r t l on  of the organic matter produced i n  surface waters o f  the  ocean 
f a l l s  t o t h e  sediments where i t  can be used by the benthic community. I n  
nearshore envi ronments, t h i s  communl t y  i s abundant and ac t i ve .  A f r a c t i o n  o f  
the organic matter  reaching the sediments i s  remineral ized to  CO,. 
Quan t i t a t i ve  estimates o f  the ra tes  o f  decomposition o f  organ ic  carbon t o  
COz are essent ia l  t o  understanding global  carbon cyc l i ng  through t ime and t o  
assess the e f f e c t  o f  man on the carbon cycle.  Coastal areas are 1 i k e l y  t o  
r e f l e c t  the e f f e c t  of the increased anthropogenic a c t i v i t i e s  o f  the past  
century best.  Due t o  mix ing and b u r i a l  processes, substances have on l y  a 
b r i e f  residence t ime i n  the zone o f  b i o l og i ca l  a c t i v i t y ,  and the r e l a t i o n s h i p  
between the ra tes  a t  which organisms can use organic carbon and i t s  r a t e  o f  
t ranspor t  through the sediment column w i l l  determine how much carbon i s  
preserved. 
The ove ra l l  ox i da t i on  o f  sedimentary organic carbon (SOC) i s  summarized i n  
the f o l  lowing equation: 
(CH,0)x(NH3)y(H3P04). + EA ---------  
reduced EA + xC02 + yHN0, (o r  NH3) + 
t H a P 0 4  + bH20 
Where EA = e lec t ron  acceptor 
The e lec t ron acceptors used i n  the reac t ion  vary sys temat ica l ly  i n  the order: 
02, NO3 and Mn, Fe, SO4, and C02 and small organic compounds (Froel  i c h  
e t  a1 ., 1979). The r a t e  o f  reminera l iza t ion i s  re la ted  to  the quan t i t y  and 
q u a l i t y  o f  the organic matter ava i lab le  t o  the microb ia l  community (Westr ich 
and Berner , 1984). 
The ox ida t ion  of organic carbon i n  sediments can be t raced through changes 
i n  the 6I3C* o f  d issolved Inorganic carbon (CC02) i n  pore water. 
Unfract ionated ox i da t i on  of SOC adds carbon t h a t  i s  i s o t o p i c a l l y  l i g h t  t o  the 
dissolved pool o f  carbon. The 613C o f  marine organic carbon (-20.0 o/oo> 
i s  s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  of CaCO, (+1.0 o/oo) and bottom water 
CC02 (0.0 o/oo). Previous studies o f  seawater and sediments have shown 
t h a t  a  decrease i n  the 6°C o f  d isso lved inorganic carbon can be 
a t t r i b u t e d  t o  the ox ida t ion  o f  organic carbon. Deuser (1970) used the 
r e l a t i onsh ip  between 6 " ~  and CCOz i n  the deep sea t o  const ra in  a 
s u l f u r  budget f o r  the Black Sea. Kroopnik (1985) der ived a l i n e a r  equation 
r e l a t i n g  the i sotopic p r o f i  l e  of CC02 and apparent oxygen u t i  1  i z a t i o n  
a f t e r  demonstrating t h a t  the 6 '  3C of the deep water was con t ro l  l e d  mainly 
by the ox ida t ion  o f  organic carbon i n  the water column. They made the 
* 1 3  b C r ( R , / R p o e  - 1 ) l o 3  where R., 3 3 ~ / 1 2 C  r a t i o  i n  
sample and PDB respec t l ve l y  
assumptions t h a t  the organic matter had Redf i e l  d s to1 chiometry and a constant 
i sotopi c s I gnature. 
Presley and Kaplan (1968) invest igated two cores from basins o f f  Southern 
Ca l i fo rn ia .  I n  both cores the &I3C of the pore water CCOz decreased 
t o  a value approaching t ha t  o f  marine organic matter wh i le  the concentrat ion 
o f  l C O z  was increasing. M i l l e r  (1980) has documented decreases i n  the 
6'3C-lC02 i n  pore waters from sediments o f  the eastern equa to r ia l  
A t lan t i c .  Gradients I n  613C-lCOs of up t o  -1.0 o/oo/cm were observed 
i n  surface pore waters from the cent ra l  equator ia l  P a c i f i c  (McCorkle e t  
al . , l985). These decreases are a t t r i b u t a b l e  t o  the ox i da t i on  o f  organic 
carbon i n  the sediments. 
I n  a study o f  the sediments of Saanich I n l e t ,  BC (Nissenbaum, e t  a l ,  1972; 
Brown, e t  a1 , 19721, i t  was found t h a t  the 6 '  3C o f  CCO, increased from 
-11.2 t o  9.4 0100 over a depth i n t e r v a l  o f  190 cm wh i le  the 1C02 
concentrat ion increased from 2.7 t o  36.2 mmol/l. This was con t ra ry  t o  what 
would be expected from the inpu t  o f  CO, formed from the un f rac t iona ted  
ox ida t ion  o f  organic matter. The presence of CH, i n  the i n t e r s t i t i a l  waters 
led  Nissenbaum e t  a1 . (1972) t o  propose t h a t  the enrichment was due t o  the 
p re fe ren t i a l  reduct ion o f  ' 2~02 by CH4-formi ng bacter ia .  Thi s process 
would leave the remaining CC02 enriched i n  ' 3C. The fermentat ion of 
organic acids may a l s o  have cont r ibuted t o  the enrichment as both processes 
lead t o  13C-depleted CH, and ' 3C-enrl ched COz (Rosenfeld and 
Silverman, 1959; Deines, 1980). A study i nves t i ga t i ng  the  process of 
methanogenesis has confirmed t h a t  the product ion o f  CH, i s  co inc ident  w i t h  
an increase i n  L'~C-CCO~ (A lper in  and Reeburgh, 1984). 
I t  i s  evident t ha t  the 613C of CCOz i n  pore waters i s  a l t e red  by 
the ox idat ion of organic matter. Figure 1-1 summarizes the major processes 
t ha t  a f f e c t  t h i s  p ro f i l e .  This study presents the s tab le  carbon isotope 
r a t i o s  t s ' 3 C )  o f  organic and inorganic carbon I n  coastal sediments and 
pore waters col  l ec ted  on a seasonal basf s. I t  provides a deta i  l ed  study o f  
the decomposl t i o n  o f  organic carbon i n  sediments from Buzzards Bay, MA, a 
coastal marine environment. The goals o f  t h i s  research are 1 )  t o  quan t i f y  the 
amount o f  organic carbon remineral lzed, 2 )  t o  study the nature o f  the organic 
carbon oxidized, and 3)  t o  i nves t iga te  the sources of organic carbon t o  these 
nearshore sediments. 
The f o l l ow ing  sect ions w i l l  review work on the remlneral i z a t i o n  o f  organic 
carbon and the '3C/'2C r a t i o  i n  sediments. 
I .2. Remineral i z a t i o n  o f  organic carbon i n  sediments 
The remineral i z a t i o n  of organic carbon i n  sediments g r e a t l y  a l t e r s  the' 
pore water and solid-phase sediment chemlstry. This reminera l i za t ion  and i t s  
e f f ec t s  have been studied i n  a v a r i e t y  o f  environments - from very anoxlc muds 
i n  Cape Lookout B lght  (Martens and Klump, 1984) t o  sediments under ly ing 
01 1 gotrophic gyres i n  the cen t ra l  P a c i f i c  (e.g. Grundmani s and Murray, 1982). 
Many studies have r e l i e d  on model l ing the concentrat ions o f  the var ious 
e lec t ron  acceptors used t o  ox id i ze  organic carbon t o  draw concluslons about 
the ra tes  o f  biogeochemical processes which occur dur ing the ea r l y  diagenesis 
o f  sediments. Other groups o f  researchers have concentrated on us ing measured 
ra tes  o f  the ox ida t ion  o f  organic carbon t o  understand sedimentary 
Figure  I. 1 .  The major processes t h a t  can affect the 6 '  3C o f  CCOz i n  
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diagenesis. These studies have been hampered by the i n a b i l i t y  t o  measure o2 
on a f i n e  enough scale, u n t i  1 recent ly ;  uncer ta in t ies  as t o  the r e l a t i v e  
proportions o f  chemical vs. b to log ica l  ox idat ion;  and inconsistencies between 
radio isotope determined ra tes  and model calculated ra tes  o f  ox i da t i on  o f  SOC. 
Recently, there  has been a t rend toward coordinated inves t iga t lons  o f  
sediments t o  a1 l e v i a t e  confusion. 
I.2.A. Diagenetic models 
Most d lagenet ic  modell ing has concentrated on r e l a t i n g  changes i n  the 
pro f  i les  o f  e lec t ron  acceptor concentrat ions t o  the remineral i z a t i o n  o f  
organic matter. Deep ocean studies have used p r o f i l e s  o f  d isso lved inorganic 
n i t rogen (DIN)  t o  const ra in  the ra tes  of organic matter degradation. Jahnke 
e t  a l .  (1982) modelled the p r o f i l e s  o f  D I N  t o  quan t i t a t i ve l y  evaluate the 
importance o f  oxygen and n i t rogen  as oxidants i n  oceanic sediments. They 
calculated t h a t  d e n i t r i f i c a t i o n  never ox id i zed  more than 30% o f  the  organic 
matter ox id ized by O z .  So l i d  phase and pore water analyses were used t o  
invest igate  organic matter  remi neral  l z a t i o n  i n  sediments o f  the equa to r ia l  
Pac i f i c  (Grundmanis and Murray, 1982). The sto ichiometry o f  the organic 
matter undergoing degradation was ca lcu la ted from the solid-phase and pore 
water data. The sol id-phase data y ie lded  a C/N r a t i o  of  13.1, wh i le  the pore 
water data gave a r a t i o  o f  8.6. Both these estimates dev ia te  from t h a t  o f  
organic matter w i t h  Redfield sto ichiometry (6.61. 
Stoichiometr ic  models have been app l ied t o  a l k a l i n i t y  (A l k ) ,  1C02, and 
dissolved Ca data from deep-sea sediments (Emerson, 1980; Sayles, 1981). 
These models assume t h a t  organic matter w i t h  Redf ie ld  s to ich iometry  (C:N:P = 
106:16:1) i s  ox id ized t o  COz i n  the manner shown i n  Table 1-1. Changes i n  

Alk  and xC02 wi th  depth are pred ic ted considering equi 1 l brium w i t h  
CaCOs, the stoichiometry o f  ox idat ion,  the di f fus ion o f  solutes through pore 
waters, and assumed ra tes  o f  ox ida t ion  of organic carbon. This approach has 
been useful i n  understanding the carbonate system i n  deep sea sediments; 
however i t s  a p p l i c a b i l i t y  t o  nearshore systems i s  more complex. Deep sea 
sediments are deposited i n  a r e l a t i v e l y  quiescent environment where so lu te  
t ranspor t  can be described by molecular d i f f u s i o n .  I n  cont ras t ,  the ac t i ve  
benthic community i n  nearshore sediments can enhance so lu te  t ranspor t  through 
mixing and i r r i g a t f o n .  Increased p r o d u c t i v i t y  and a shor ter  water column lead 
t o  a greater  supply of h i gh l y  l a b i l e  organic matter t o  the sediment-water 
in ter face.  The f u l l  su i t e  of react ions l i s t e d  i n  Table 1-1 can occur over a 
distance as small as 0.5 cm. 
I n  nearshore sediments, oxygen and s u l f a t e  are the most important  e lec t ron  
acceptors w i th  respect t o  ox i d i z i ng  capaci ty.  Sulfate i s  by f a r  the most 
important e lec t ron acceptor i n  coastal sediments; i t  can account f o r  up t o  70% 
o f  the t o t a l  sedfment r esp i r a t i on  (Howarth, 1984). Oxygen reduc t ion  i s  
1 imi ted by I t s  a b i l i t y  t o  d i f f u s e  i n t o  the sediments. The depth o f  the 
d i f f u s i v e  sublayer i s  a funct ion o f  the turbulence o f  t he  water near the 
sediment water i n t e r f ace  (Jorgensen and Revsbech, 1985). An add i t i ona l  source 
o f  O2 t o  the pore waters ar ises f rom the i n t r oduc t i on  of bottom water a t  
depth i n  sediments from the i r r i g a t i n g  ac t i on  o f  benth ic  organisms. This has 
been shown w i th  the use o f  O2 microelectrodes i n  sediments (Jorgensen and 
Revsbech, 1985). Model l ing o f  Oz and SO4 p r o f i l e s  t o  ca l cu l a te  organic 
carbon ox ida t ion  ra tes  has been hampered by an incomplete knowledge o f  the 
mix ing regime i n  nearshore sediments. 
I.2.B. Oxidation r a t e  measurements 
The ra te  of ox idat ion o f  organic carbon i n  sediments has been ca lcu la ted  
from two d i f f e r e n t  types o f  i ncubatlon experiments. I n  j a r  experlments, the 
disappearance o f  an oxidant over t ime I s  measured. These experiments usua l l y  
occur over a per iod o f  weeks o r  months. Stable and radio- isotope t r a c e r  
experiments are used t o  measure ox ida t ion  ra tes  i n  a matter of minutes t o  
hours. Label l ed  oxidant  i s introduced t o  the sediment and i t s  d i  sappearance 
over time, as wel l  as the product ion o f  l abe l led  intermediates and end 
products i s  monitored. Net ra tes  are measured i n  j a r  experiments, wh i l e  gross 
ra tes  are measured i n  t racer  experiments (Reeburgh, 1983). 
Many Incubat ion studies have been performed on coastal sediments where 
SO, i s  the most important oxidant .  Jar experiments ( A l l e r  and Yingst ,  
19801, as we1 1 as "SO4 experiments (Westrich, 1985) have been performend 
on sediments from Long I s l and  Sound. Jorgensen (1977) has used "SO4 t o  
measure su l f a t e  reduct ion ra tes  i n  a Danish f j o r d .  The ranges i n  s u l f a t e  
reduct ion ra tes  measured i n  surface sediments a t  locat ions a f f ec ted  by 
i r r i g a t i o n  i n  the above studies are 0.32 t o  3.2 x l o m 9  mol/L-yr . Rates i n  
surface sediments are always much greater  than those i n  deeper sediments, and 
ra tes  i n  warm months are greater  than i n  co ld  months. 
The major disadvantage o f  a l l  incubat ion studies i s  the necess i ty  of 
removing the sediment from i t s  na tu ra l  environment. I n  sampling for an 
incubat ion study, the sediments are hand1 ed c a r e f u l l y  t o  avoid d l  s r u p t i  ng the 
e x i s t i n g  microbia l  community. Although an incubat ion study w i  1 1  always 
a r t i f  1 c l  a1 l y  c lose an open system. the comparison o f  model-predi c ted w i  t h  
measured ox ida t ion  ra tes  can provide an important check on the v a l i d i t y  of 
each method. 
I.2.C. Sediment dynamics 
Modelling in nearshore sediments is complicated by an active bioturbated 
zone, uncertainty as to the validity of steady state models, and difficulty in 
assessing the flux of material to the sediment-water interface. The 
discussions of diagenetic models and oxidation rate measurements have 
emphasized that coastal sediments are deposited in a dynamic environment. The 
consequences of activity of the macrobenthos must be addressed when discussing 
the remineral ization of organic carbon in nearshore sediments. Sol id-phase 
mixing can introduce labile organic matter to depths it would never reach by 
sedimentation alone. During the oxidation of organlc matter, a solid is 
converted to dissolved species. The mechanisms and rates of transport of 
particulate material in the sediments are usually very different from those of 
dissolved material; particle mixlng rate coefficients can be as much as 4 
orders of magni tude less than solute diffusion coefficients. Mixing 
coefficients ranging from loe6 to 10-a cm21sec have been measured for 
solids in Long Island Sound (Benninger et al., 1979). Modelling of solute 
profiles in Long Island Sound sediments yielded diffusion coefficients around 
lo-' cm2/sec (Goldhaber et al., 1977). Vanderborght et a1 . (1977) 
calculated "enhanced" diffusion coefficients on the order of cm2/sec 
from proflles of dissolved silica in sediments from the North Sea. In a 
nearshore environment enhanced mi xi ng and transport of sol id and dissolved 
specles arises because of wave and current stlrring and the activities of 
burrowing organi sms such as bivalves and polychaete worms. 
Irrigation of the burrows constructed by benthic animals radically alters 
the so lu te  d l  s t r l  but lons encountered i n  sediment pore waters ( A 1  1 e r ,  1980). 
The e f f ec t s  o f  i r r i g a t i o n  on pore water p ro f i l e s  i n  coastal sediments have 
been t reated i n  d l f f e r e n t  ways: w i t h  an "enhanced" d i f f u s i o n  c o e f f i c i e n t ,  and 
w l  t h  two non-local source models. In1 t i a l  l y ,  i r r i g a t i o n  was model l e d  w i th  an 
"enhanced" d i f f u s i o n  c o e f f i c i e n t  (McCaffrey e t  a l . ,  1980). A l l e r  (1980) and 
Emerson e t  a1 . (1984) have presented non-local source models; these models 
assume the presence of burrow and tube s t ruc tures a l t e r s  the average geometry 
o f  molecular d i f f us i on .  Ver t i ca l  advectfon-diffusion i s  no longer considered 
a good approximation of the r e a l  environment; the burrows create  a c y l i n d r i c a l  
d i f f u s i o n  geometry i n  the sediment immediately surrounding them. The removal 
o f  the decomposi t f o n  products o f  organic matter remineral i z a t i o n  i s  enhanced 
i n  the burrow system. Products generated "deep" i n  the sediment, i .e. away 
from the sediment-water in ter face,  need on l y  d i f f u s e  through the burrow wa l l  
t o  the animal 's tube where they w i l l  be flushed out  by i r r i g a t i o n .  Thus an 
increased macrofaunal community lowers the pore water concent ra t ion of 
metabol i tes through i r r i g a t i o n .  Results from these models mimic measured 
p r o f i  tes more accurate ly  than models us ing "enhanced" d i f fus ion  c o e f f l  c ien ts .  
A 1  l e r ' s  model i s  more complex; a drawback t o  apply ing t h i s  model i s  the  number 
o f  parameters r e l a t ed  t o  the l oca l  fauna t h a t  must be def ined - average burrow 
spacing , average burrow radius,  and average burrow 1 ength . 
In the model o f  Emerson e t  a l .  (19841, i r r t g a t i o n  i s  considered t o  be a 
mode o f  t ranspor t  t h a t  i s  capable o f  exchanging ove r l y i ng  water w i t h  po in ts  i n  
the sediment t h a t  are removed from the sediment-water i n t e r f ace .  The 
t ranspor t  of d l  ssolved metabol i tes from pore waters deep i n  the sediment i s  
accomplished by " f l ush ing"  burrows i n  t h i s  sediment w i t h  bottom water. 
Solutes which have accumulated i n  the burrows by d i f fus ion  f rom the 
surrounding sediments are removed. I r r i g a t i o n  has introduced bottom water t o  
a po in t  I n  the sediments 1 t could never have reached w i  thout  the existence o f  
burrows. They def ine a non-local source o r  s ink term such t ha t :  
dC/dt = D.(d2C/dz2) - a(C - CO) + ER 
where D, = sediment d i f fus ion  c o e f f i c i e n t  
C, Co = dissolved species concentrat ion w i t h  depth, and i n  
over l y ing  water, respec t i ve ly  
a = non-local source term 
ZR = summation of react ions a f f e c t i n g  d isso lved species 
concentrat ion 
This model has been shown mathematlcal ly t o  approximate A1 1 e r '  s burrow model 
(Boudreau, 1984). The main problem t h a t  ar ises i n  us ing non-local exchange 
models i s  t ha t  the chemistry o f  exchange across a burrow l i n i n g  cannot be 
considered. A1 l e r  (1983) has shown t h a t  each so lu te  can reac t  d i f f e r e n t l y  i n  
crossing a burrow l i n i n g ,  and t h a t  d i f f e r e n t  burrow l i n i n g s  can a f f e c t  the 
t ransport  o f  a p a r t i c u l a r  so lu te  across the 1 i n i n g  d i f f e r e n t l y .  
1.3. - THE ' 3C/'2C RATIO I N  THE SEDIMENT COLUMN 
The S'  3C of CCOZ i n  pore waters i s  most sens i t i ve  t o  the 
remineral i z a t i o n  o f  organic carbon and to the d i s s o l u t i o n  o r  p r e c i p i t a t i o n  o f  
CaC03 i n  the sediment column. An understanding o f  the fac tors  a f f e c t i n g  the 
6' 3C of SOC and CaC03 i s  essen t ia l  t o  understanding the 6 '  3C o f  
CCOz. These fac to rs  are discussed below. 
I.3.A. I so top i c  signature o f  SOC 
Inves t iga t ions  of SOC i n  sediment cores have a t t r i b u t e d  i so top i c  s h i f t s  
w i th  depth i n  the core t o  microbia l  a c t i v i t y ,  temporal changes i n  the i so top ic  
s ignal  o f  the source organic matter, and se lec t i ve  reminera l i za t ion  o f  
d i f f e r e n t  f rac t ions of the organic matter te.g. Peterson e t  a l . ,  1980; Sackett 
and Thompson, 1963; Sackett, 1964). I t  i s  probable t ha t  some combination of 
a l l  these fac to rs  i s  responsible f o r  the observed changes. I n  a recent  review 
a r t i c l e ,  Deines (1980) discussed the possib le e f f e c t s  o f  diagenesis on the 
i so top ic  s ignature of SOC. He concluded t ha t  the evidence f o r  ea r l y  
a l t e r a t i o n  i s  i n s u f f i c i e n t  and t h a t  the observed d i f fe rences o f  6I3C w i t h  
depth i n  sediment are due to changes i n  the source due t o  pas t  changes i n  
cl imate, c i r cu l a t i on ,  o r  p roduc t i v i t y .  The studies he used t o  reach t h i s  
conclusion span a wide range of marine environments, from s a l t  marsh to open 
ocean. However, reexamination o f  the studies coupled w l t h  more recent  data 
may suggest t ha t  observable f r ac t i ona t i ons  do occur dur ing e a r l y  diagenesis, 
p a r t f c u l a r l y  i n  coastal areas where the supply of f resh organic matter  t o  the 
sediments i s  high. 
A study o f  sediment from B a f f i n  Bay, Texas, (Behrens and Frishman, 1971). 
showed an increase i n  6 l3C o f  SOC w i t h  depth which was a t t r i b u t e d  t o  the 
p re fe ren t i  a1 remineral i z a t i o n  o f  I Z C .  Johnson and Calder (1  973) measured 
the bI3C of SOC i n  two cores from a s a l t  marsh where the organic carbon 
content o f  the sediments decreased from 3.5 to 0.1% by weight. I n  a s l i g h t l y  
reducing core the 6°C decreased from -16.9 to  -19.4 0100 over 45 cm, 
whi le  i n  a s t rong ly  o x i d i z i n g  core the 6 '  3C increased from -23.9 to  -20.9 
0100 over 37 cm. The authors of t h i s  paper were In teres ted i n  the i so top ic  
d i f fe rence between s i t e s  and d i d  no t  t r y  t o  exp la in  the depth-related change. 
I n  a study of the sediments o f  the Pettaquamscutt Rlver, an anoxic bas in  i n  
Rhode Island, two major s h i f t s  were seen i n  the SI3C o f  SOC ( H i  tes e t  a1 . , 
1980). I t  was unclear whether these were re la ted  t o  r e l a t i v e l y  minor changes 
i n  the percent organic carbon i n  the core, t o  diagenetic a l t e r a t i o n ,  o r  t o  
temperature or s a l i n i t y  d i f fe rences t ha t  would a1 t e r  the 6 '  3C o f  the inpu t  
POC. These studies do not  provide c lear  evidence t h a t  the 6I3C o f  SOC i s  
a1 tered dur ing e a r l y  diagenesf s, bu t  they do suggest t h a t  systematic studies 
o f  sediment systems may ind ica te  t ha t  f r ac t i ona t i on  i s  occurr ing.  
The microb ia l  a c t i v i t y  responsib le for  the ox ida t ion  o f  organic carbon t o  
COt could r e s u l t  i n  an a1 t e r a t i o n  o f  the 6°C o f  the res idua l  SOC. 
Physical chemical experiments have shown t h a t  the "C-12C bond i s  weaker 
than the "C-12C bond. I t  would be energe t i ca l l y  and k i n e t i c a l l y  
favorable f o r  an organism t o  cleave the weaker bond. I n  a study o f  the 
ox ida t ion  of l a c t a t e  by a su l f a t e  reducing organi  sin, Kaplan and Ri t tenberg 
(1964) found t h a t  the COz given o f f  as we1 1 as the carbon incorporated 
dur ing 'growth were enriched i n  12C w i  t h  respect  t o  the i n i t i a l  l a c ta te .  En 
t h i s  system, both the ox ida t ion  o f  l a c ta te  and the ass im i l a t i on  o f  carbon were 
occurring w i t h  f r ac t i ona t i on .  This f r a c t i o n a t i o n  r esu l t ed  3n the COz given 
o f f  and the organic carbon produced d i f f e r i n g  i s o t o p i c a l l y  from the s t a r t i n g  
mater ia l .  I t  i s  uncer ta in  whether fractionation i s  un1 versa1 
microb io log ica l  l y  o r  t o  what ex tent  i t occurs i n  the na tu ra l  environment. 
Chemosynthetic a c t i v i t y  i n  sediments i s  a l so  responsib le f o r  changes i n  the 
6'  'C of SOC. Microorganisms can use reduced inorgan ic  s u l f u r  compounds t o  
f i x  COz from pore waters (Kuenen and Beudeker, 1982). forming organic carbon 
t ha t  i s  h i g h l y  depleted i n  '3C, e.g. 613C = -35 otoo (Peterson e t  a l .  
1980). The importance of chemsynthesis i n  coastal sediments i s unknown, 
although i n  i r r i g a t e d  coastal sediments i t  can occur a t  on l y  5% o f  the 
r esp i r a t i on  r a t e  (Howarth, 1984). I n  summary, microbi a1 f r a c t i o n a t i o n  appears 
possible, even l i k e l y ,  but  i t s  net effect ( +  o r  -1 on the 613C o f  CCOz 
i s  not known. 
Temporal changes i n  the POC deposited a t  the sediment water i n t e r f ace  may 
a l so  complicate the i so top ic  p r o f i l e  o f  SOC. Figure 1-2 l i s t s  some o f  the 
sources o f  organic carbon t o  a coastal environment 1 i k e  Buzzards Bay and t h e i r  
iso top ic  signature. Three i s o t o p i c a l l y  d i s t i n c t  sources can be i d e n t i f i e d  - 
t e r r e s t r i a l  (-25 t o  -27 o/oo), p lankton ic  (-18 t o  -22 o/oo), and s a l t  marsh 
(-10 t o  -16 o/oo) carbon. The r e l a t i v e  supply o f  these sources o f  organic 
carbon may vary seasonal l y  and over h i s t o r i c a l  time. Seasonal f l u c tua t i ons  i n  
temperature and s a l i n i t y  can have an e f f e c t  on the s ignature  o f  plankton 
(Deuser e t  a l . .  1968; Degens e t  a1 . , 1968). Sediment mix ing i n  a coastal area 
usua l l y  homogenizes the surface sediments enough t o  e l im ina te  seasonal 
d i f fe rences i n  the 6I3C o f  sedimentary POC. However, hurr icanes might 
deposi t  such large amounts o f  mater ia l  w i t h  an i s o t o p i c  s ignature 
s i g n i f i c a n t l y  d i f fe ren t  from the normal i npu t ,  t ha t  t he  s igna l  would no t  be 
l o s t  by sediment mix ing.  On a longer t ime scale, the organic carbon deposited 
now i s  probably more dept eted i n  ' 3C than t ha t  deposited p r i o r  t o  the 
I n d u s t r i a l  Revolut ion (h i  tes e t  a]. ,  19801. 
Another po in t  to consider when analyzing the i s o t o p i c  s ignature o f  SOC 
involves the se lec t i ve  reminera l i za t ion  of c e r t a i n  f r ac t i ons  of the organic 
-27- 
Figure 1.2.  The major sources o f  organic carbon t o  the sediments i n  a coastal 
environment and t h e l r  i sotoplc signature. A 1  though Zostera marina (ee l  grass) 
grows i n  the marine system, i t  f s  included with s a l t  marsh carbon because i t  
i s  a vascular plant .  
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matter. I n  a coastal environment the d i f fe rent  sources of organic carbon to 
the sediments a1 so have d i f f e r e n t  r e a c t i v i  t i e s .  Radiocarbon studies o f  tong 
I s l and  Sound sediments have ind icated t ha t  the residence t ime of e a s i l y  
metabolizable organic carbon i s  on the order o f  2 years (Benoi t  e t  a l . ,  1979; 
Turekian e t  a l . ,  1980; Berner. 1980b). I n  t h e i r  study, p lankton ic  carbon 
( 6 '  3C = -20 0100, A' "C = 122 0100) was defined as the easi l y  
metabolizable f r ac t i on ,  and t e r r e s t r i a l  carbon ( 6 I 3 C  = -26 o/oo, P ' ~ C  
= -242 0100) p lus  a small percentage o f  the planktonic carbon were considered 
re f r ac to r y .  This d i s t i n c t i o n  was made t o  f a c i l i t a t e  the i n t e r p r e t a t i o n  o f  the 
' 4C p r o f i l e .  The re f rac tory  mater ia l  w i  11 pass through the well-mixed l aye r  
and remafn as a permanent record i n  the sediment column. The s ignature  o f  
lCOz w i  11 be a f fec ted  by t h i s  d i f f e r e n t i a l  remineral i z a t i o n .  
Unfract lonated ox idat ion of p lankton ic  carbon w i  11 add COz w i t h  a 6°C 
of -20 0100, whi l e  ox ida t ion  o f  the r e f r ac to r y  mater ia l  w i  11 add Con w i t h  a 
6 '  'C of  -26 0100. 
The se lec t i ve  remineral l z a t i o n  o f  i nd iv idua l  compound classes may a f f e c t  
the 6°C of SOC as we1 1 as t h a t  o f  CC02 because the 6 '  3C o f  
i nd iv idua l  compounds are d i f f e r e n t  from tha t  o f  bulk SOC (Degens, 1969). 
Pectins are enriched i n  I3C by up t o  5 0100 ( i . e .  8°C = -15 oloo),  
wh i le  1 i p i d s  are depleted by as much as 9 0100 ( 6 '  3~ = -29 o/oo) (Degens, 
1969). Amino acids have been found t o  be enriched i n  ' 3C ( 6 '  3C = -12 t o  
. .  ~ ~ . . -- 
-19 ~ l o o )  r e l a t i v e  t o  bu lk  p l a n t  mate r ia l  because the carboxyl carbon o f  t h e  
amino ac id  i s  i s o t o p i c a l l y  heavy (Abelson and Hoering. 1961 1; the  magnitude o f  
the enrichment d i f f e r s  f o r  each amino acid.  Cer ta in  classes of organ ic  
compounds are more l a b i l e  than o thers  and are metabol tzed more r a p i d l y .  For 
example, i n  Saanich I n l e t ,  f a t t y  ac id  and c h l o r i n  concentrations normalized t o  
organic carbon decrease w i th  depth, whi le the normalfzed hydrocarbon 
concentrat ion remains essen t ia l l y  constant (Brown e t  a l .  1972). The S '  
of hydrocarbons, f r ee  and hydrolyzable f a t t y  acids , hydro1 yzabl e ami no acids , 
and humic acids were analyzed i n  t h i s  study. The f a t t y  acids and hydrocarbons 
were found t o  be depleted i n  ''C r e l a t i v e  t o  bu l k  SOC, wh i le  the amlno 
acids, humics, and f u l v i c s  had a 613C s im i l a r  t o  t ha t  o f  bu lk  SOC. The 
more r ap id  reminera l iza t ion of f a t t y  acids i n  the surface sediments would add 
COs t o  the 1C02 pool t ha t  i s  i s o t o p i c a l l y  l i g h t e r  than the bu lk  organ ic  
carbon. I n  Mangrove Lake, Bermuda, a decrease i n  6' 3C o f  the t o t a l  
organfc matter  w i t h  depth was re l a ted  t o  the diagenet ic  loss o f  carbohydrates, 
which are  r e l a t i v e l y  enriched i n  13C (Spiker and Hatcher, 1984). This would 
have the opposite effect on the 6°C o f  CC02 as the ox ida t ion  of f a t t y  
acids. 
I t  i s  evident t h a t  there are numerous f ac to r s  a f f e c t i n g  the &13C of  
SOC i n  coastal  sediments. The 8' o f  CCOz generated dur ing the 
ox idat ion o f  SOC w i l l  be inf luenced according t o  the r e l a t i v e  importance o f  
each f ac to r .  
1.3.8. I so top ic  Signature o f  CaCO, 
The i so top i c  s ignature o f  d isso lved inorganic carbon w i l l  a l s o  be 
inf luenced by the d i sso lu t i on  o r  p r e c i p i t a t i o n  o f  calcium carbonate. I n  
ox id ized sediments, there  are two major processes t h a t  produce the ac ids  t h a t  
d isso lve CaC03. The ox ida t ion  o f  organic matter  w i t h  O2 produces the weak 
ac id  COz, and the ox ida t ion  o f  solid-phase s u l f i d e s  w i t h  Oz can generate a 
la rge amount o f  s t rong ac id  (HzS04) .  The product ion o f  ac id  and, thus, 
the extent  of dissolution i n  nearshore sediments i s  a funct ion o f  physical  
disturbance and b io log ica l  reworking. Rapld mixing i n  surface sediments 
maintains a zone w i th  oxygenated pore waters. Deeper benthic mix ing i s  
responsible for  t ranspor t ing solid-phase su l f i des  t o  the ox i c  zone. A l l e r  
( 1  982) has observed t ha t  the d i sso lu t i on  o f  1-10 mg CaCOs/cm2-yr occurs 
near the sediment water in ter face i n  Long Is land  Sound. P r e c i p i t a t i o n  occurs 
i n  reducing sediments. I n  the sul fate reducing zone, a l k a l i n i t y  increases 
w i th  each mole of sul fate reduced. The increase i n  a l k a l i n i t y  can create  a 
supersaturat ion w i t h  respect t o  aragonite and c a l c i t e  and p r e c i p i t a t i o n  may 
resu l t .  Sayles (1981 1 has shown tha t ,  whi le p r e c i p i t a t i o n  occurs i n  reducing 
sedlments i n  the A t l an t i c ,  these sediments a lso remain supersaturated w i t h  
respect t o  c a l c i t e .  
I n  order t o  understand the 6 '  3C o f  CCOr, the amount of CaC03 
d i sso lu t i on  o r  p r e c i p i t a t i o n  occur r ing I n  the sediments must be quan t i f i ed ,  
and the 6°C of the CO:- added o r  removed must be known. Sayles 
(1981) has used the p r o f i l e  of Ca concentrat ion t o  quan t i f y  the loss  o r  gain 
of CaC0,. D isso lu t ion  occurs w i t h  l i t t l e  o r  no f rac t iona t ion ,  bu t  
p r e c i p i t a t i o n  i s  no t  as simple a process. The equ i l i b r i um  f r a c t i o n a t i o n  
between bicarbonate and aragoni te and between bicarbonate and c a l c i t e  dur ing 
p r e c i p i t a t i o n  has been quan t i f i ed  by Rublnson and Clayton (1969). However, 
the r a t e  o f  p r e c i p i t a t i o n  must be considered when c a l c u l a t i n g  the i so top i c  
f rac t iona t ion  accompanying CaCOl p rec i p i t a t i on .  Turner (1 982) has shown 
t h a t  k i n e t i c  f rac t iona t ion  accompanies quick p r e c i p i t a t i o n ,  bu t  t h a t  slow 
p r e c i p i t a t i o n  r esu l t s  i n  CaC03 t h a t  i s  i n  I so top l c  equ i l i b r i um  w i t h  
bicarbonate. Model1 i ng  the i so top i c  e f f e c t  o f  p r e c i p i t a t i o n  i n  sediments i s  
complicated f u r t h e r  by changes i n  the  6 1 3 c  o f  CCOZ w i t h  depth i n  the 
core. The isotope r a t i o  o f  CCO2, and thus CO:-, w i  11 be changing 
down core due t o  the  a d d i t i o n  o f  '"-depleted COz from t h e  o x i d a t i o n  of 
o rgan ic  m a t t e r .  
Chapter 11 
SAMPLING AND ANALYTICAL METHODS 
Understandlng the cyc l ing  o f  carbon i n  Buzzards Bay sediments required the 
measurement o f  a la rge number o f  d i f f e r e n t  species i n  both the s o l i d  and pore 
water phases. I n  t h i s  chapter I w i  11 describe the sampling s i t e  and discuss 
the sampllng s t ra teg ies  and the ana l y t i ca l  methods I used to measure 
pore-water and sol id-phase components. 
11.1. S i t e  Descr lp t ion 
The research described here was conducted a t  a s i t e  i n  Buzzards Bay, MA 
(41 31 -25 N, 70 45.7 W ;  Figure 11. I ) .  Buzzards Bay i s  on the western boundary 
o f  Cape Cod, i s  28 m i  long, 8 m i  wlde, and has an average depth o f  15 m. The 
maxlmum e levat ion o f  the watershed i s  200-300 f t  and the area i s  poor ly  
drained (ttough, 1940) as there are no major r i v e r s  emptying i n t o  the bay. The 
sediments range from coarse sands t o  s i l t y  clays; the coarsest  sediments are 
c losest  to the edges o f  the bay. 
The s i t e  used i n  t h i s  study i s  the same as t h a t  used by Ma r t i n  (1985). 
The re l a t i onsh ip  o f  the s i t e  t o  o ther  study s i t e s  i n  Buzzards Bay i s  de ta i l ed  
f n  Mar t in  (1985). The sampling s i t e  i s  i n  15 rn o f  water and i s  predominantly 
s i l t y - c l a y  sediments. The sediments conta in  approxlmately 20 mg/gdw organic 
Flgure 11.1. The locat ion  of the sampling s i t e  (marked with an ' x ' )  and 
Sta t ion  P i n  Buzzards Bay, Massachusetts. 
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. . .  
BUZZARM BAY 
Y.RTW I ' S  
V I W I V A I D  
carbon and are p r i m a r i l y  sulfate-reducing. The top 30 cm of the sediment 
column were studied. A t  t h i s  s i t e ,  the SO4 concentrat lon a t  30 cm was never 
depleted more than 10-151 o f  the bottom water value. The faunal assemblage a t  
t h i s  s i t e  i s  a Nephthys incisa-Nucula proxlma community (Sanders, 1958). This 
community i s  comprised mostly o f  deposit  feeders, organisms t ha t  f i n d  t h e i r  
food on o r  i n  the sediment (Sanders, 1960). 
A study by Rhoads (1967) ind icated t ha t  extensive biogenic reworking o f  
the sediments occurred to  depths o f  2-3 cm. This observat ion was 
substantiated by 234Th studies (Mart in,  1985); the maximum depth o f  
penetrat ion o f  234Th was 3.0 cm. Transport studies o f  t h e  solution-phase 
using " ' ~ n  (Mart in, 1985) ind icated t ha t  there was I r r i g a t i o n  o f  the 
sediments i n  warm months occur r ing t o  depths o f  a t  l e a s t  20 cm. 
Several geochemical studies have taken place a t  S ta t i on  P (Figure 11.1). 
This s t a t i on  i s  s i m i l a r  t o  the s i t e  used here; the sediments are s i l t y  c lays 
and are approximately 20-30 mg C/gdw (Henrichs, 1980). Studies a t  t h i s  
s t a t i on  have demonstrated t h a t  c e r t a i n  f r a c t i o n s  o f  the organic matter  are  
decomposed more r a p i d l y  than others;  f a t t y  acids and amino acids are 
transformed before s t e ro l s  (Far r ington e t  a l . ,  1977; Lee, e t  a l . ,  1977; 
Henri chs, 1980). Remi neral  i z a t i o n  ra tes  ca lcu la ted f rom pore water and 
sediment p r o f i l e s  d i f f e r e d  by a f a c t o r  o f  about 4 (Henrichs, 1980). This was 
a t t r i b u t e d  t o  a d i f f e ren t i a l  t ranspor t  o f  sol  i d s  and so lu tes  and to more rap id  
remineral i za t ion  occur r ing i n  the ox i  c zone. 
11.2. Sampling s t ra teg ies  
II.2.A. Pore water chemistry samples 
The pore water chemlr t ry  o f  s i x  cores was analyzed i n  t h i s  study. The 
dates o f  c o l l e c t i o n  and water temperature a t  time of c o l l e c t l o n  are l i s t e d  i n  
Table 11.1. A l l  cores were co l lec ted by SCUBA divers.  In October 83 an 8 cm 
diameter PVC core l i n e r  was used t o  c o l l e c t  the core and a f t e r  t h a t  a l l  cores 
were co l lec ted w i t h  a 20 cm diameter PVC core l i n e r .  The tops o f  the core 
1 ine rs  were sealed under water and the cores were sealed t i g h t l y  on deck and 
rap id l y  t ransported to  the laboratory where they were sectioned i n  a 
N z - f i l l e d  glove bag. Sectioning was always completed w i t h i n  12-15 hours o f  
core co l l ec t i on .  
I n  the glove bag, mud was t ransfer red to 50 m l  centr i fuge tubes which were 
sealed, removed from the glove bag, and cent r i fuged a t  3000-3500 rpm fo r  15-20 
min t o  i s o l a t e  the pore water. No attempt was made t o  main ta in  the in -s i  t u  
temperature dur ing e i t h e r  sect ion ing o r  cen t r i f ug ing .  This should no t  have 
made a la rge d i f fe rence  for  the cores co l lec ted  i n  summer and f a l l ,  however 
there may be some temperature a r t i f a c t s  i n  the samples co l lec ted  i n  the co ld  
months. P l a s t i c  cent r i fuge tubes were used u n t i l  March 85 a f t e r  which glass 
(Corex) tubes were used. Af ter  spinning down, the centr i fuge tubes were 
returned to a glove bag, opened, and pore water was drawn i n t o  10 m l  
syr f  nges. Both glass and p l a s t i c  syringes were used; the use o f  glass 
syringes w i  11 be noted i n  the tab les .  A1 1 pore water was passed through a 
0.45 pm Nuclepore polycarbonate f i l t e r .  The first a l i q u o t  o f  pore water was 
discarded and the next  was f i  1 te red  d i r e c t l y  i n t o  a 1 m l  syr inge and analyzed 
w i t h i n  the hour f o r  CCO,. I n  October 83, ZCOn was no t  measured; pH 
was measured on the f irst a l i q u o t  o f  pore water. The e lec t rode was i n  the 
glove bag and pH was measured immediately a f t e r  c o l l e c t i n g  the sample. The 
next a l i quo t  o f  water was f l l t e r e d  i n t o  a 3 m l  syr inge, t rans fe r red  q u i c k l y  
Table 11.1. Core c o l l e c t i o n  dates and bottom water temperature a t  the  t ime of 
c o l l e c t i o n .  
Bottom 
Water 
Core d a t e  Temp., "C 
Oct .  17. 83 15 
Dec. 16, 83 7 
June 20, 84 16 
Aug. 30, 84 2 1 
March 26, 85 4 
O c t .  30, 85 14 
i n t o  a 2 m l  poisoned septum v i a l ,  and sealed w i th  no headspace. Again, both 
glass and p l a s t i c  syringes were used a t  t h l s  stage; the use o f  glass n i l  1 be 
noted i n  the  tables.  A few c rys ta ls  of mecuric ch lor ide were used as poison. 
This sample was stored i n  the dark a t  4'C u n t i l  analysed f o r  
6'3C-lC0,. I n  March 85, a d t f fe ren t  method o f  c o l l e c t i n g  the sample 
f o r  CC02 analysis was used. After c o l l e c t i o n  o f  the sample f o r  
613C-CC02, a 1-ml a l i q u o t  o f  the fi 1 tered sample was stored i n  a 
polsoned (HgCI,) 2-ml septum v i a l .  The samples were analyzed w i t h i n  10 
hours o f  co l  lec t lon.  Subsequent a1 lquots were co l lec ted  f o r  s u l f i d e  (1 m l ) ,  
phosphate ( 1  m l ) ,  a l k a l i n i t y  (1 m l ) ,  DOC (1-2 m l ) ,  calcium (1.5-3 m l ) ,  and 
su l f a t e  (0.5-1 m l )  analyses. Mud f o r  s o l i d  phase analyses was t rans fe r red  
t o  clean glass j a r s  and f rozen a t  -40°C. Mud was stored a t  t h i s  temperature 
u n t i l  freeze-drying. 
11.2.8. Incubat ion studies-1 and 2 
Incubat ion Experiment 1 ( I E l ) .  I n  ea r l y  March 85, a Soutar box core w i t h  
a surface area of 0.04 m2 was used t o  c o l l e c t  mud f o r  the f i rst  incubat ion 
study. Four depth i n t e r v a l s  were sampled - 0-2 cm, 9-1 1 cm, 17-20 cm, and 
22-25 cm. Each i n t e r v a l  was t rans fe r red  to a Nalgene beaker and q u i c k l y  
removed t o  a N 2 - f i l l e d  g love bag. The sediment was homogenized by s t i r r i n g  
and packed i n t o  50-ml Corex cen t r i f uge  tubes. The cen t r i f uge  tubes were kept  
i n  the dark a t  15°C and sampled a t  d i f f e r e n t  times by c e n t r i f u g i n g  and 
c o l l e c t i n g  the pore water; handl ing and ana lys is  o f  the samples from the 
incubat ion study was the same as t h a t  o f  the pore-water chemistry samples. 
The method used for the c o l l e c t i o n  and ana lys is  o f  CC02 samples for the 
March 85 field core was used. The porosity of the surface sedlment was so 
great that over 2 4  hr some separation of pore water from the solid-phase 
occurred. T o  counteract this the tubes were inverted dai ly. 
Incubation Experiment 2 (IE2). In August, 1985. divers inserted 4 core 
1 iners as close to each other as possible, capped them, and returned them to 
the ship. The core liners had been prepared with pre-cut holes that were 
sealed with duct tape. Small incubation tubes (approximately 9 cm long) were 
cut from 30 mm OD glass tubing, and each tube was fitted with a plunger from a 
50-ml disposable syringe. To sample the sediment for this incubation study, 
one o f  the pre-cut holes was uncovered and a small piston sub-core was taken 
with the glass tubing. The ends of the glass tublng were seated immediately 
with black rubber stoppers. Sediment from 3 depths (10-13, 12-15,and 18-21 
cm) was collected this way. This procedure did not work for the surface 
samples. T o  sample the surface sediment, the caps were removed from the core 
liners, the overlying water was drained off, and the Incubation tube was 
fi 1 led from the top of the core. 
The filled tubes were protected from light and maintained at room 
temperature unti 1 sampling; handling and analysis o f  the samples was the same 
as that o f  the pore-water chemistry samples. 
II.2.C. Carbon source studies 
Mud from the cores collected for pore water studies was frozen until 
analysi s for 6' 3C-SOC and pyrolysi s/GCMS. Samples representative of 
possible sources of organic matter to Buzzards Bay were collected locally. 
Standing spartina a1 terniflora was collected at Great Sippewi ssett Marsh 
(GSM), and eel grass was co l lec ted  from a creek connecting L i t t l e  Sippewissett 
Marsh t o  Buzzards Bay. A sample of f loccu lent  matter a t  the bottom o f  the 
creek d ra in ing  GSM was co l lec ted by d l  s turb lng the sediment, co l  l e c t l n g  water, 
and f i l t e r i n g  the water. A s o i l  sample from near the shores of the Weweantic 
River i n  Wareham was co l lec ted and f rozen u n t i l  analysis. 
A g r a v i t y  core designed by J. Broda was used t o  ob ta i n  a core a t  the study 
s i t e  for  the analysis o f  natura l  l eve ls  o f  radiocarbon i n  Buzzards Bay 
sediments. A I-meter long core was co l lec ted  i n  a 10-cm dlarneter PVC core 
1 iner .  The core was stored a t  4°C overnf ght, sectioned a t  5-6 cm i n t e r v a l s  
and stored f rozen i n  glass j a r s  u n t i l  analys is.  
11.3. Pore water Analyses 
I I . 3 . A .  CC32, Alk, HzS, p0.1, DOC 
Standard ana l y t i ca l  methods were used f o r  these analyses. IC02 
samples were a c i d i f i e d  w i t h  2N H3P04, s t r ipped w i t h  he1 ium, and measured 
by gas chromatography. This analysis was made immediately a f t e r  sample 
co l l ec t i on .  I n  March, 1985 and f o r  I E l  a headspace technique was used t o  
measure CCOZ. One m l  o f  sample was drawn i n t o  a syr inge and a c i d i f i e d  
w i t h  s u l f u r i c  acid.  COz-free a i r  was added and the sample was ag i ta ted.  
The headspace was analyzed f o r  COz by gas chromatography. A l k a l i n i t y  was 
measured by Gran t i  t r a t i o n .  Su l f i de  was measured by the method o f  
Gilboa-Garber (1971) against  a methylene-blue so lu t ion .  The s o l u t i o n  was 
cal  ib ra ted against  actual  s u l f i d e  standards accord1 ng to Fonsel i us  (1976) .  
Phosphate was measured calorimetrically as described i n  S t r i c k l a n d  and Parsons 
(1972). These analyses were made w i t h i n  1-3 days of sample co l  l e c t i on .  A wet 
persu l fa te  ox ida t ion  adapted from Menzel and Vaccaro (1964) was used t o  
analyze DOC. The COz col lected from the ox ida t ion  was analyzed by gas 
chromatography. 
II.2.B. Q 
A  high p rec is lon  E G T A  t i t r a t i o n  described by S h i l l e r  and Gieskes (1980) 
was used t o  measure calcium. The prec is ion o f  the Ca t i  t r a t i o n  was = 0.2%; 
t h l s  p rec is ion  was obtained on l y  when the sample was p r e - t i t r a t e d  t o  > 99% 
wi th  EGTA. The procedure was standardized against  I A P S O  seawater, assuming a 
CaIC1 r a t i o  o f  0.02109 g Cal o l oo  C1. As i t  i s  poss ib le  t h a t  the EGTA 
so lu t ion  used as t i t r a n t  may change overnight ,  IAPSO standards were r un  a t  the 
beginning o f  each day. Dupl icate 1.5 g samples were weighed p r e c i s e l y  i n t o  
small Erlenmeyer f lasks.  The concentrat ion was estimated based on the 
concentrat ion of the sample preceding i t  and on the expected t rend i n  the 
data. The f i r s t  sample was p r e - t i t r a t e d  t o  > 90% t o  see i f  the est imate was 
cor rec t .  The second sample was p r e - t i t r a t e d  t o  > 99% based on the value found 
for  the f i r s t  sample. When poss ib le ,  a t h i r d  sample was t i t r a t e d .  
I f . 2 . C .  Mass Spectrometry 
A l l  ' 3C i s o top i c  measurements were made on a VG-Micromass 602E mass 
spectrometer. A t  the s t a r t  o f  each operat ing day a standard was run t o  check 
the i n t e g r l  t y  o f  the reference gas. I f  pore water o r  carbonate samples were 
being analysed, NBS-20 ( 6 I 3 C p o e  = -1.06 o/oo) was run, and, if organic  
carbon samples were being analysed, NBS-21 ( 6 '  ' c P D B  = -28.10 o/oo) was 
run. A1 1 i so top l c  values are reported r e l a t l v e  t o  PDB. 
If .3.D. 6' 3 C - 1 g 2  
Poisoned samples for  the analysis of G ' ~ C - C C O ~  were stored a t  4°C 
i n  the dark u n t i l  analysis. The samples were always s t r i pped  and analyzed 
w i t h i n  6 weeks of c o l l e c t i o n  and usua l ly  w i t h i n  2 weeks. A s t r i p p i n g  l i n e  
designed by W .  Curry was used t o  analyse the G I 3 C  o f  pore water CC02. 
A diagram o f  the s t r i pp i ng  l i n e  i s  shown i n  Fig. 11.2. One m l  o f  100% 
H3P04 i s  introduced t o  the s t r i pp i ng  chamber through the ground-glass 
j o i n t  on the stripping chamber. Care i s  taken not  t o  g e t  any ac i d  on t h i s  
j o i n t .  The i n j e c t i o n  p o r t  i s  attached t o  the s t r i p p i n g  chamber and the 1 ine 
i s  evacuated. A more de ta i l ed  drawing o f  the i n j e c t i o n  p o r t  i s  shown I n  
Figure 11.2. Two dry ice-isopropanol slush baths are used t o  t r a p  water, and 
a 1 i q u i d  n i t rogen t rap  i s  placed on a t h i r d  t r ap  t o  c o l l e c t  CO,. 
Approximately 1 m l  o f  pore water i s  i n j ec ted  i n t o  the s t r i p p i n g  chamber from a 
tubercu l in  syr inge through the septum. The septum i s  changed a f t e r  each 
sample. Nitrogen gas, which had been passed through ascar i  te,  was used t o  m i x  
the ac id  and water ahd t o  s t r i p  COz from the so lu t ion.  The sample was 
subjected to  three purges w i t h  N, a t  5 minute i n t e r v a l s  dur ing the 15 min 
s t r i pp i ng  period. The COz was i so l a ted  i n  the t h i r d  t rap ,  p u r i f i e d ,  and 
t ransfer red t o  a f l a s k  for storage o r  int roduced t o  the mass spec. 
Local seawater, co l  1 ected a t  Chemotaxi s dock, was used to  determine the 
r e p r o d u c i b i l i t y  of the measurement. Data co l lec ted  from the ana lys is  o f  the 
water i s  l i s t e d  i n  Table 11.2. I t  appeared t h a t  there were occas iona l l y  
" f l y e r s "  i n  the analyses, a1 though there  was no known reason t o  d i sca rd  any 
Figure 11.2. Diagram of the stripping l i n e  used fo r  t h e  analysis o f  
6 ' 3C-LrC02. 
Figure 11.2 
Table  11.2. 6' 3C o f  Chemotaxi s water standards. Absolute v a l u e s  of the 
d i f f e r e n t  standards d i f f e r  because t h e  samples were c o l l e c t e d  on d i f f e r e n t  
dates. 
data po in ts .  When running the samples on the mass spectrometer, the magnitude 
o f  the ion  cur rent  i s  proport ional  t o  the size o f  the sample. I t  was noted 
t ha t  the " f l y e r s "  were much smaller than the o ther  samples, i . e .  the i o n  
cur rent  was 5-10 times lower. I t  appears t ha t  occas iona l ly  the s t r i p p i n g  
procedure i s  i n e f f e c t i v e  o r  the sample i s  l o s t  dur ing s t r i pp i ng .  When the 
mass spectrometer ion cur rent  was used as a q u a l i t a t i v e  i nd i ca to r  o f  the 
s t r i pp i ng  e f f i c i ency ,  the r esu l t s  obtained from s t r i p p i n g  Chemotaxis water 
were more precise (Table 11 .2~1 ,  Results from samples co l l ec ted  a f t e r  
February 85 w i  11 be reported w i t h  a smal l e r  standard dev la t ton than before. 
11.4. Solid-phase analyses 
II.4.A. Organic carbon 
1. 
Port ions o f  freeze-dried sediments were placed i n  p e t r i  dlshes, t rea ted  
w i th  1 N HC1, and a1 lowed t o  a i r -d ry  i n  a hood. Eased on t o t a l  carbon 
analyses from a Perkin-Elmer CHN analyzer, one ac i d  treatment was enough t o  
remove a1 1 the CaCOs. Drying was completed by p l ac i ng  the p e t r i  dishes i n  
an oven a t  60°C for 1 hour. The acld- t reated samples were analyzed f o r  CHN on 
a Perkin-Elmer CHN analyser by Bonnie Woodward; the p rec i s i on  o f  the ana lys is  
i s  reported t o  be 22% (B. Woodward, personal communication). Dupl icate 
analyses were run on samples from December 83; the r e s u l t s  are presented i n  
Table 11.3. These analyses i nd i ca te  t h a t  the p rec i s i on  of the sediment 
samples i s  c loser  t o  r4%. 
2 .  
Samples for s tab le  isotope measurements were prepared us ing a closed-tube 
Table 11.3. Measured values of duplicate analyses of %OC for samples from 
December 83. The analysis was made on a Perkin Elmer CHN analyzer. The 
column headed A% represents the absolute val ue of the difference between 
columns I and 11, i .e. (%OC, - S ~ O C ,  I I .  The average difference, x ,  
corresponds to an analytical precision of ~4%. 
Date 
-
I Depth - - I I A % 
10/83 0-0.1 2.11 2.30 0.19 
combustion method f i r s t  reported by Sofer (1 980). Combustion tubes were made 
from 8 mm OD standard-wall Pyrex tub ing and were pre-combusted a t  500°C for a t  
l eas t  3 hours. CuO used i n  the combustion was pre-combusted a t  900°C f o r  a t  
l eas t  1 hour. Blanks run a t  the s t a r t  o f  my research ind icated t h a t  
contamination from reactants was neg l ig ib le .  Approximately 100 mg o f  
aci  d-treated sediment was t ransfer red t o  a combust i on  tube; approximately 2 mg 
o f  CuO was added t o  the tube. After drawing a narrow neck, the tubes were 
evacuated t o  a pressure o f  less  than 2 pm and sealed under vacuum. The 
samples were combusted a t  500°C f o r  1 hour. Standards and ce r t a i n  samples 
were combusted a t  900°C using quartz combustion tubes. The procedure was the 
same as t ha t  for Pyrex combustion tubes except t h a t  approximately 2 mg Cu was 
added to  the tubes i n  add i t i on  t o  CuO. The samples were combusted a t  900°C 
f o r  1 hour. Samples combusted a t  900°C w i l l  be designated w i t h  a q.t .  i n  
tables. Combusted samples were opened under vacuum and the COz generated 
from the combustion was pu r i f i ed  and co l lec ted  f o r  i so top l c  analysis.  
One freeze-dried sediment sample was analyzed separately 9 times. The 
measured 6"C's are reported i n  Table 11.4. A few samples were combusted 
a t  both h igh and low temperatures and no s i g n i f i c a n t  d i f fe rence  was observed 
i n  the measured 613C. This i s  consistent w i t h  the r e s u l t s  reported i n  F ry  
e t  a l .  (1984). 
3. A'~C 
Natural radiocarbon leve ls  were measured i n  organic carbon samples 
according to procedures ou t l i ned  i n  G r i f f i n  and Druf fe l  (1985). Sediment 
samples were a c i d i f i e d ,  r i nsed  w i t h  d i s t i l l e d  water, and d r ied  p r i o r  t o  
burning. Spar t ina and eel grass samples were d r i ed  and crushed p r i o r  t o  
Table 11 .4 .  6 '  3~ of solid-phase organic carbon measured on sediment from 
22-24 cm collected i n  October 83 and separated i n t o  9 samples. 
burning. I n  short,  the combustion i s  performed a t  h igh temperature i n  a la rge 
Vycor tube (31 mm 00, 24 mm I D )  w i t h  a flow of oxygen fo r  a per iod of 1-4 
hours. The samples were counted as COz i n  a 200 cc copper gas p ropor t iona l  
beta counter. An e r ro r  of = 8 0100 was obtained for  these samples. Larger 
samples (1-2 g C) were converted t o  C,H, v i a  a l i t h i u m  carb ide 
intermediate and counted f o r  th ree 2-day periods i n  two quar tz  gas 
propor t iona l  beta counters. An e r ro r  of + 3 o/oo was obtained f o r  these 
samples. Radiocarbon measurements are reported as AI4C, def ined as the 
per m i l  (o/oo) dev ia t ion from the a c t i v i t y  of nineteenth century wood, taken 
as 95% o f  the a c t i v i t y  of the NBS oxal i c  ac id  standard. Each measurement was 
corrected fo r  decay from the t ime of formation u n t i  1 A.D. 1950 and f o r  isotope 
f r a c t i o n a t i o n  by normal i sing t o  a ~ " ~ p o e  = -25 0100 (Broecker and 
Olson, 1961): 
A14C = 6I4C - 2(613C + 25)(1 + 6 1 4 ~ / 1 0 0 ~ )  
The radiocarbon age i s  reported as years B.P. (before present)  us ing the Libby 
ha l f -1  i f e  f o r  I 4 C  of 5568 years. 
4. Pyrolysis-GCMS 
Pyrolysis-GCMS was performed on selected organic carbon samples as p a r t  o f  
the organic carbon source study. De ta i l s  of the ana lys is  are described i n  
Whelan e t  a l .  (1986). B r i e f l y ,  a dried, a c i d i f i e d  sample (-10 mg) was 
introduced t o  a desorpt ion probe and heated from 250 t o  550°C. The compounds 
formed dur ing py ro lys i s  are s p l i t ,  One f r a c t i o n  i s  passed through a GC, and 
another i s  co l lec ted  and l a t e r  run  on theGC-mass spectrometer (Car lo  Erba 
model 4160GC equipped w i t h  a cryogenic oven attachment connected to a Finnigan 
4500 quadrupol e mass spectrometer 1. 
11.4.8. CaC03 
I. 6 1 3 ~  
A v a r i e t y  o f  methods were used t o  measure the 6 1 3 C  o f  CaC03 i n  the 
sediments. Problems arose because o f  the very low concentrat ion o f  CaC03 i n  
the sediments ( <  0.2% by weight) and because of the presence o f  ac id -vo la t i  l e  
su l f i des  i n  the sediments. The 6°C o f  i nd i v i dua l  she l l s  and s h e l l  
fragments i n  the sediments was measured, and attempts were made t o  measure the 
613C o f  bulk,  o r  "amorphous", CaC03 i n  the sediments. 
She1 1 s  and she1 1 fragments were picked from the d r ied  sediments, ground t o  
a powder, baked under vacuum a t  370°C f o r  1 hour, reacted t o  CO, I n  100% 
H3POa, and analysed on the mass spectrometer. 
I t  i s  unclear whether the methods I used t o  determine the CCOz o f  bu lk  
CaC03 i n  the sedlments were successful. Freeze-drying the sediments l e f t  
carbon from the pore water CCOz i n  the s o l i d  sample. I n  an e f f o r t  t o  
remove t h i s  carbon the sediments were soaked overn ight  i n  d i s t i l l e d  water, 
f i l t e r e d ,  r insed a few times w i th  d i  s t1  1 l e d  water, and d r i e d  i n  an oven a t  
60°C. Rinsed sediments were a c i d i f i e d  with 5% H,POa i n  evacuated reac t ion  
f l asks  a t  25°C overn ight .  D i l u t e  phosphoric ac id  was used t o  prevent  
ox ida t ion  o f  organic matter w i t h  ac id  ( M i l l e r ,  1980). Also, r i n s e d  sediments 
were combusted i n  a muffle furnace a t  450°C f o r  a t  l e a s t  6 hours t o  remove 
most o f  the organic matter  and then a c i d i f i e d  w i t h  10% H,PO, a t  25°C 
overnight .  The isotope r e s u l t s  are l i s t e d  i n  Table 11.5. 
The 6'  3 C  of the COz co l lec ted  from a c i d i f y i n g  bu lk  r i nsed  sediment 
i s  very d i f f e r e n t  from tha t  o f  the shel 1 s  co l lec ted  from the sediment. Large 
shel 1 fragments were removed from the bu l k  sediment before i t  was a c i d i f i e d ,  
Table 11.5. Measured values of 6 l 3 C p o e  of CaCOs. The date  l i s t e d  
r e f e r s  t o  the  core from which the s h e l l s  o r  sediment were taken. The depth 
l i s t e d  (z ,  i n  cm) refers t o  the hor izon from which the s h e l l s  or sediment were 
taken. 
She l ls  and fragments 
from u n r i  nsed sediments 
z 
- - date S 1  'C 
6-7 6/84 2.79,3.04 
8-9 6/84 1.79 
22-23 6/84 2.00,2.09 
25-26 6/84 1.43,1.43 
from r i n s e d  sediments 
8-9 6/84 1.15.1.11 
22-23 6/84 0.96,0.78 
22-24 10/83 1.50,1.56 
Bulk r i n s e d  sediment 
0-0.5 6/84 -3.81 
2-2.5 6/84 -2.72 
22-24 10183 -1 .47 
and i t  i s  possib le t ha t  there are two i s o t o p i c a l l y  d i s t i n c t  pools of CaCO3 
i n  the sediments - she l l  fragments and amorphous CaCOs. However, the amount 
o f  COz generated upon a c i d i f i c a t i o n  of the sediments appeared t o  be very 
la rge considering the amount o f  CaC03 measured i n  the sedlments. An 
absolute measurement o f  the COz generated was not  made. More de ta i l ed  
analyses o f  the sediment must be made before the bulk sediment numbers 
measured here can be f u l l y  understood. The values co l lec ted  from the she l l  
fragments wi 11 be used I n  the fo l lowing chapters as the 6'  3C o f  CaCO,. 
I f  the actual  value i s  s i g n i f i c a n t l y  lower, the conclusions reached i n  Chapter 
I V  w i  11 be strengthened. 
Chapter I11 
A QUANTITATIVE ESTIMATE OF THE ANNUAL REMINERALIZATION 
OF ORGANIC CARBON I N  BUZZARDS BAY SEDIMENTS 
The t o t a l  amount o f  organic carbon remineral i zed  annual ly a t  the sediment 
water i n t e r f ace  and i n  the sediment column a t  a s i t e  i n  Buzzards Bay, MA can 
be estimated from sediment and pore water data col l ec ted  seasonal ly. The 
Buzzards Bay s i t e  contains s i  1 ty-c lay sediments and i s representa t ive  o f  
s i l t y - c l a y  sediments f requen t l y  found i n  coastal waters. I n  t h i s  chapter, a 
carbon budget w i l l  be constructed using estimates o f  the amount o f  carbon 
remineral i zed  t o  COz i n  the sediments p lus  the amount preserved i n  the 
sediments. The amount o f  carbon ox id ized p lus  t h a t  preserved i n  the sediments 
i s  representa t ive  o f  the t o t a l  amount o f  carbon reaching the sediment water 
in ter face.  To const ruc t  a carbon budget, i t  i s  necessary t o  know the amount 
o f  carbon i n  the sediments, the r a t e  a t  which i t  i s  ox id ized,  and the r a t e  a t  
which i t  i s  buried. The amount o f  carbon i n  the sediments can be measured 
d i r e c t l y .  The r a t e  o f  b u r i a l  o f  organic carbon can be ca lcu la ted  from i t s  
concentrat ion and the r a t e  o f  sedimentation. The r a t e  o f  ox i da t i on  o f  organic 
matter can be estimated from mathematical models f i t t e d  t o  s o l u t i o n  and 
sol id-phase data obtained seasonal l y .  Results from these model s must be 
weighted appropr ia te ly  to ca lcu la te  an annual average remineral i z a t i o n  of 
organic carbon. The sampling and ana l y t i ca l  methods used were described i n  
Chapter 11. 
111.1 Results 
Solid-phase and pore water data w i l l  be presented i n  t h i s  sect ion.  S i x  
cores were col  lec ted a t  d i f f e r e n t  times o f  the year over a pe r iod  o f  two years 
t o  inves t iga te  seasonal 1 t y  i n  the o x i d a t i o n  o f  organ; c carbon. The 
sol id-phase data are presented i n  Figure 111.1 a t o  e and are  1 i s ted  i n  Tab1 e 
A I . l  of Appendix I. The pore water data are presented i n  Figure I11.2a t o  f 
and are 1 i s t e d  fn Table A 1  . I  o f  Appendix I. 
111.1 . A .  sol td-phase data 
P r o f l l e s  o f  organic carbon concentrat ion vs. depth a re  shown i n  Figure 
I I I . l a  t o  e. The 613C o f  the solid-phase organic carbon i s  a l s o  presented 
I n  these f i gu res .  I n  general, the concentrat ion o f  organ ic  carbon i s  about 
20-24 mg Clgdw i n  the surface and decreases r e g u l a r l y  t o  a value o f  about 
15-16 mg Clgdw by 30 cm. Data from the top 4 cm of  the December 83 core are 
an exception t o  t h i s  trend. The concentrat ions o f  organ ic  carbon are 
approximately 10 mg Clgdw higher i n  the December 83 samples than i n  any o ther  
core. I so top i c  data from a1 1 cores are very constant and averages -20.6 2 
0.2 0100; there i s  no s i g n i f i c a n t  change w i t h  depth. The i s o t o p i c  data from 
the December 83 core do no t  r e f l e c t  the anomaly ev ident  i n  the concentrat ion 
o f  organic carbon. 
Figure  111.1.  Measured values of SOC and s'~c-sOC. The SOC values a r e  
repor ted  as XOC; t h i s  number can be converted t o  mgCIgdw by m u l t i p l y i n g  by 10, 
i . e .  SOC (mgC1gdw) = 10(#OC). 



I I I .1.B.  Pore water data 
Depth p r o f i l e s  o f  6 ' 3 ~ - 1 ~ 0 2 ,  1C02, Alk, Ca, H Z S ,  P 0 4 ,  and 
DOC are shown i n  Figures 111.2 a t o  f and l i s t e d  i n  Table A I . l  o f  Appendix I. 
Concentrations of lCOz were ca lcu la ted from pH data i n  October 83; the pH 
data are l i s t e d  i n  Table A I . l  i n  Appendix I. The cons t i tuen ts  of most 
importance t o  the ca lcu la t ions made i n  t h i s  chapter are CCOz, Alk, and 
Ca. I n  every month, the l C O z  concentrat ion measured i n  the surface 
sediment i n t e r va l  (approximately 2.5 t o  3.0 mM) i s  s i g n i f i c a n t l y  greater  than 
t ha t  measured i n  the bottom water (2.0 mM); the concentrat ion measured i n  the 
deepest sediment sample i s  greater  than t ha t  measured i n  the surface sample. 
I n  some months there i s  a concentrat ion maximum i n  the top  4-8 cm. I n  a l l  
except the March 85 core, A lk  p r o f i l e s  are q u a l i t a t i v e l y  s i m i l a r  t o  the 
lC02 p r o f i l e s ;  the bottom water Alk i s  2.0 meqll and the  surface pore 
water concentrat ion i s  approximately 2.5 t o  3.0 meqll .  I n  March 85, there i s  
a minimum i n  the A lk  p r o f i l e  i n  the upper 4 cm. Dissolved Ca concentrat ions 
are always greater  i n  pore water than i n  bottom water, and average around 9.3 
mM i n  the pore waters. I n  most months the Ca concentrat ion i s  constant w i th  
depth, but,  i n  June 84 and March 85, there i s  a maximum i n  the profile i n  the 
top 4 cm. Dissolved PO4 concentrat ions range from 10 to  120 pM and 
exh ib i t  a maximum i n  the upper 4 cm o f  the sediment column. Dissolved s u l f i d e  
i s  no t  detectable i n  the f i r s t  2 cm and i s  present a t  c lose t o  the de tec t ion  
l i m i t  from 2 t o  4 cm. Below 4 cm, the dissolved s u l f i d e  concent ra t ion may 
increase t o  as much as 1 rnM by 30 cm. DOC was measured i n  October 83, 
December 83, and June 84. I t s  concentrat ion ranges from 2 t o  30 rng C I 1 ,  and 
there i s  a concentrat ion maximum between 2 and 12 cm. 
Figure 111.2. Depth p ro f i l es  o f  6'3C-CC02. XCO,, A lk ,  Ca, H 2 S ,  
PO4,  and DOC for the s i x  months sampled i n  t h i s  study. 






111.2. A Carbon Budget f o r  Buzzards Bay Sediments 
III.2.A. Calcu la t ion o f  b u r l a l  r a t e  o f  organic carbon i n  the sediments 
The amount o f  carbon bur ied i n  the sediments can be ca lcu la ted  f rom the 
concentrat ion o f  SOC a t  depth (16.0 mgC/gdw) and the sedimentation r a t e  
ca lcu la ted from I4C data (0.05 cmlyr, see Section V.4) if i t  i s  assumed tha t  
the ox i da t i on  o f  organic carbon i n  the sediments i s  n e g l i g i b l e  below 40 cm. 
Based on ox ida t ion  ra tes  ca lcu la ted i n  t h i s  chapter, t h i s  i s  a v a l i d  
assumption. 
C b  = (0.05)(16)p( l -~)10 = 5.5 gClm2-yr 
where p = densi ty of sol ids  = 2.62 g/cm3 
4 = poros i t y  a t  depth = .737 
both from Mar t in  (1985) 
III.2.B. Calcu la t ion o f  r a t e  o f  ox i da t i on  o f  organic matter  
The p r o f i l e s  of 1C02 and SOC w i t h  depth i n  the sediments can be used 
t o  est imate the r a t e  a t  which organic carbon i s  ox id ized i n  the sediments. 
Two dlagenettc models t h a t  describe t he  major processes a f f e c t i n g  the depth 
p r o f i l e s  o f  these const i tuents  are developed I n  the fo l l ow ing  sect ions. A 
so lu t ion  model w i l l  describe the p r o f i l e s  o f  CCOz w i th  depth. Ox ldat ion 
rates obtained from t h i s  d e l  w i  11 be compared w i t h  those from a second, 
solld-phase model describing depth p r o f i l e s  o f  SOC. Ox idat ion ra tes  
ca lcu la ted from the models can then be used t o  ca lcu la te  the amount of organ ic  
carbon remineral ized i n  the sediment column. 
1II.Z.B.l. Solution Model 
Mathematically modelling the profile of 1C02 is complex unless 
several assumptions are made. In the next section, the assumptions necessary 
to formulate equations describing the behavior of CCOz are presented. The 
concentration of CCOt in pore waters is affected mainly by the oxidation 
of organic carbon, the dissolution or precipitation of CaCOs, and mixing 
with bottom water through irrigation. A two-zone model used to describe these 
processes is represented i n  Figure 111.3. 
Oxidation of organic carbon 
The model w i  1 1  be developed wi th the oxidation of organic carbon 
described as a COz production rate, R,. The sediment column is divided 
into two zones. R, wi 1 1  be assumed constant with depth in the surface zone 
and exponentlal ly decreasing In the deeper zone. These assumptions are based 
on a knowledge of sulfate reduction rates in coastal sediments. In the 
sulfate-reduction zone, COz producti.on is directly related to sulfate 
reduction. Howarth (unpublished) measured sulfate reduction rates in surface 
sediments from this sfte; his data showed that the sulfate reduction rate was 
constant between 2 and 10 cm. In deeper sediments (10-100 cm) of tong Island 
Sound similar to the Buzzards Hay site, Westrich (1985) used a series of 
exponential ly decreasing functions to describe the sulfate reduction rate data. 
Based on dissolved sulfide profiles (Figure 111.2 a to f), it is unlikely 
that sulfate is the only oxidant in the top 4-10 cm. The sediments at this 
site are overlain by a fully oxygenated water column and at certain times of 
the year there is significant irrigation af the surface sediments. Oxygen 
penetration is limited by the rate at whtch i t  can diffuse in from the surface 
Flgure 111.3. Representation of the model used to descrlbe the CCOt data.  
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and through burrow wal ls .  N i t r a t e  i s  another oxidant  t h a t  i s  sometimes 
present i n  Buzzards Bay pore waters (Henrichs, 19801, However, the 
concentrat lon o f  n i t r a t e  i s  so low r e l a t t v e  t o  the o ther  ox idants  i n  these 
sedfments t h a t  i t  cannot be an important oxidant  i n  the carbon budget. 
Dissolved I r o n  and manganese p r o f  1 les  i ndi cate t ha t  organic mat ter  1 s oxid ized 
by MnOz and Fe209 i n  the surface sediments between 0 and 1.5 cm (Mart in, 
1985). The depth t o  which these oxidants are important va r ies  seasonally, 
w f th  the shallowest depths occur r ing I n  warmer months. The existence o f  
m i  croenvi ronments I n sediments (Jorgensen, 1977b) makes i t  poss ib le  fo r  oxygen 
and su l f a t e  reduct ion t o  occur i n  the same sediment l aye r  even though su l f a t e  
reducers are ob l i ga te  anaerobes. I t  i s  I l k e l y  t h a t  the absence o f  d l  ssolved 
su l f i de  i n  the surface zone i s  the  r e s u l t  o f  ox tda t ion  to  s u l f a t e  by oxygen 
and precipitation as i r o n  su l f i des .  
I t  i s  probable t h a t  oxygen and sul fate are both important  e lec t ron  
acceptors i n  the surface sediments. Although the depth f u n c t i o n a l i t y  o f  8, 
has been based on a knowledge o f  su l fa te  reduct fon ra tes ,  there  i s  no 
assumptlon i n  the model concerning the e lec t ron  acceptor used t o  produce 
COz. I n  coastal  sediments, where the supply o f  f r esh  organ ic  carbon t o  the 
sediments i s  h igh and the solid-phase mix ing r a tes  are r ap id ,  i t  i s  l i k e l y  
t h a t  the ox ida t ion  r a t e  i s  dependent on the q u a l i t y  of the  organ ic  matter  i n  
the sediments (Westrich and Berner, 1984). As def ined,  R, can descr ibe the 
ox ida t ion  o f  organic carbon i n  these sediments by a v a r i e t y  of e l ec t r on  
acceptors. 
Oxidat ion o f  organ1 c carbon i s  con t ro l  l e d  by some cornbi na t i on  of the 
fol . lowtng fac tors :  1 )  the q u a l i t y  o f  the organic matter  i n  the sediment 
column, 2) the loca t ion  and s i ze  o f  the microbia l  populat ion, and 3) the 
temperature. The COz production term used i n  t h i s  model does no t  
d i f f e r e n t i a t e  between these factors.  The production term a1 so does no t  
d i s t i ngu i sh  between production from the ox idat ion o f  organic carbon and from 
the d isso lu t ion  o f  CaCO,. 
Dissolution and p r e c l p i t a t i o n  o f  CaC03 
The d i sso lu t i on  of CaC03 appears t o  be con t ro l l ed  by seasonal processes. 
and w i  11 be int roduced i n t o  the carbon budget a f t e r  the organic matter 
ox idat ion r a te  has been ca lcu la ted (see Section III.2.C. 1. P r e c i p i t a t i o n  o f  
CaC03 does not  appear t o  be an important process i n  these sediments, 
although there i s  a loss o f  Ca from the dissolved phase i n  June 84 and March 
85. The importance o f  the d i sso lu t i on  o f  CaCQ3 can be ca lcu la ted  from 
dissolved Ca data. Figure 111.4 shows the ca lcu la ted values o f  the i o n  
concentrat ion product ( I C P )  o f  d issolved Ca and CO:- w i t h  depth as we l l  
as the equi 1 i brium values f o r  c a l c i t e  and aragonite. The concentrat ion o f  
CO:- was ca lcu la ted from CC02, Alk, P04 ,  and H,S data. I t  i s  
evident t ha t  the surface sediments are undersaturated w i t h  respect  t o  CaC03 
a t  l eas t  two months o f  the year. Below 4 cm, i t  appears t h a t  the pore waters 
are i n  equ i l i b r ium w i t h  some phase o f  CaCO,. The existence of  
disequi 1 i brium i n  the surface sediments i s  not  evidence t h a t  d i s s o l u t i o n  
occurs; i t  ind icates  on ly  t h a t  cond i t ions favorable for  d i s s o l u t i o n  e x i s t .  
However, d issolved Ca concentrat ions provide evidence t h a t  d i s s o l u t i o n  o f  
CaCOj does occur i n  these sediments. The concentrat ions of Ca i n  the pore 
waters o f  the surface sediments are always greater  than those i n  the bottom 
water, and i n  some months there  i s  a pronounced maximum i n  the  Ca p r o f i l e  
Figure 111.4. Calculated values of the ion concentration product 
[CalCCO:'] and equilibrium values for calcite (solid line) and aragonite 
(dashed line). The value for calcite was calculated using the  relationship 
given in Ingle et al. (1975).  and the value for aragonite was assumed to be 
1.5 times the calcite value (Aller, 1982). 
Figure 111.4 
-log ( I C P )  
x - June, Aug. data 
1 - all other months 
(see Figure 111.2). These data ind ica te  t ha t  there i s  always d i s s o l u t i o n  of 
CaC03 a t  o r  near the sediment water Inter face and tha t ,  i n  some seasons, 
there I s  s i gn i f i can t  d i s so lu t i on  o f  CaCOJ w i t h i n  the sediment column as 
wel l .  There i s  a1 so v isua l  evidence f o r  the d i sso lu t i on  o f  CaC03 i n  the 
sediments. Small clam she l l s  taken from cores are obvfously p i t t e d  and 
microscopic examination o f  the surface sediments revea ls  some severely eroded 
foramin i fera  she1 1s. 
The Ca data from June 84 and March 85 ind ica te  t h a t  there  was a  loss  of 
d issolved Ca a t  depth i n  the sediments. I n  June 84, h a l f  of t h i s  loss  can be 
accounted f r o  by i r r i g a t i o n .  While there appears to be p r e c i p i t a t i o n  o f  some 
Ca mineral,  i t  I s  u n l i k e l y  t o  be CaC03. Based on the curvature of the Ca 
p r o f i  l e  i n  June 84, some of the p rec ip i  t a t i o n  must occur i n  a reg ion  t h a t  i s  
undersaturated w i t h  respect t o  CaC0,. I t  i s  poss ib le  t h a t  there  i s  
p r e c i p i t a t i o n  of an apa t i t e  phase. The zone o f  Ca consumption i s  co inc ident  
w i t h  a  zone o f  PO4 consumption, and Jahnke e t  a l .  (1983) have proposed the 
p r e c i p i t a t i o n  o f  apat i tes  i n  recent  sediments. 
Transport Parameters 
I r r i g a t i o n  w i  1 1  be inc luded i n  the so l u t i on  model us ing the non-local 
source model o f  Emerson e t  a l .  (1984). The i r r i g a t i o n  parameter, a, can be 
estimated from the values ca lcu la ted  a t  t h i s  s i t e  by Ma r t i n  (1985) us ing 
2 Z Z R n / 2 2 6 ~ a  d isequ i l ib r ium.  He found t h a t  i r r i g a t l o n  was an important  
t ranspor t  mechanism f o r  d isso lved species i n  warm months and can be important  
t o  depths o f  a t  l e a s t  20 cm. I n  co lder  months (December through March), the 
'"Rn p r o f i  l es  were adequately described by consider ing molecular d i f fus ion  
as the on l y  t ranspor t  process. The i r r i g a t i o n  parameter w i l l  be assumed 
constant w i th  depth i n  both zones although d i f f e r e n t  values can be assigned 
for  each zone as necessary. Mar t in  (1985) found tha t ,  i n  c e r t a i n  months, a 
could be described best w l  t h  an exponent ia l ly  decreasing f unc t i on  whl l e  i n  
o ther  months i t  was constant w i th  depth. For the months i n  which i r r i g a t i o n  
decreased wi th  depth, over 90% o f  the in tegra ted i r r i g a t i o n  occured above 10 
cm. To ca lcu la te  an a t h a t  f s  constant w i t h  depth from the exponential  
funct ions,  The fo l l ow ing  average value 1s used: 
- 2 / c * l  Bza - z b  = [S: aoe di!l/(zb - 2 , )  (3-1) 
The integrand on the right-hand s ide o f  equation 3-1 I s  the exponential  
func t ion  used t o  describe the "'Rn d e f i c i t .  The value of a has been 
ca lcu la ted assuming t ha t  t ranspor t  across burrow wa l l s  i s  by molecular 
d i f f us i on ,  and t h a t  there are no chemical react ions I n  t h e  burrow wa l l s  and 
1 i n ings  t ha t  impede ZCO2 t ranspor t .  Thus, I t  i s  assumed t h a t  the 
i r r i g a t i o n a l  t ranspor t  of 2 2 2 ~ n  and l C O z  d i f f e r  on l y  because o f  the 
d i f fe rence  i n  t h e i r  molecular d i f f u s i o n  coe f f i c i en t s ,  i .e. azcoz = 
aRn(DHcot/D~n) - 
The sediment d l f f us i on  coe f f l c i en t  (D,) i s  assumed t o  be constant w i t h  
depth. Sediment d i f fus lon c o e f f i c i e n t s  were ca lcu la ted  from molecular 
d i f f u s i o n  coe f f i c i en t s  f o r  seawater (Dm,, > w i t h  the f o l l ow ing  equatlon: 
D, = D,.I/B' 
where €3 = t o r t uos i  t y  of the sediments 
and 
8 = $ ( R / R o )  
where $ = poros i t y  
R / R o  = r a t i o  o f  resistivity of bu lk  sediment t o  
interstitial fluid 
The value of R/Ro in these sediments is 2.0 + 0.2 between 2-30 cm (Sayles, 
personal communication), and the average poroslty between 0-30 cm is 0.767. 
Thus 
D, a 0 . 6 5 0 m o \  
The molecular diffusion coefficients for HCO; and Ca In seawater reported 
by L i  and Gregory (1974) were used, and corrected to observed temperatures. 
The dissolved Ca profile in sediments may also be affected by adsorption t o  
clay surfaces; under certain conditions, consideration of this process may 
significantly change the effective diffusion coefficient. The effect of 
adsorption on the carbon budget calculation wi 1 1  be discussed in Section 
III.2.C. Values of D, calculated for each month are listed in Table 111.1. 
The sediments are assumed to have a constant porosity. This  assumption 
is not true; Martin (1985) has described the porosity of these sediments with 
the fa1 lowing equation: 
4 = 0.737 + 0.159e-0~''7z ( 3-2 
However, most of the porosity change occurs in the upper 4 cm and neglecting 
thls change will not alter the conclusions drawn from the model. 
Mathematical Model 
Given these assumptions the equations describing the model are: 
I aclat = ~,ta'c/az') - a*(C - Co) + R~ 3- 3a 
I I ac/at = ~ , t a ~ c / a ~ ~ )  - a * ( ~  - c0)  + ~ ~ e - f '  3-3b 
To analytically solve this set of equations, the CCOr profi le is 
assumed to be in steady-state. However, as seasonal changes are seen in the 
lCOt profiles, the validity of this assumption must be examined. In a 
Table 111.1. The values o f  D, f o r  HCO;, Ca, and Rn Ions used i n  model 
and f l u x  ca lcu la t ions  f o r  each month. See t e x t  for explanat ion o f  how D H c o a  
and Dc, were ca lcu la ted .  The values of DR. were taken from M a r t i n  (1985) .  
Bottom 
Water 
Core d a t e  Temp., 'C 
Oct. 17, 83 15 
Dec. 16, 83 7 
June 20, 84 16 
Aug. 30, 84 2 1 
March 26, 85 4 
O c t .  30, 85 14 
study of Long Is land  Sound sediments, A l l e r  (1977) used a r a d i a l  d i f fus ion 
model t o  i n t e r p r e t  the data. The steady-state case was the on l y  one f o r  which 
he solved the equations. He found t h a t  the basic features o f  t ime dependence 
i n  p r o f i l e  shape could be produced by the temperature dependence of reworking 
and metabolic a c t l v i  t y .  The short  d i f fus ion d l  stance from sediment t o  burrow 
channel i n  the r a d i a l  d i f f us i on  model was thought t o  be the reason for the 
r ap id  re-establishment of steady-state. The desc r ip t ion  o f  i r r i g a t i o n  i n  the 
non-local source model i s  analogous t o  the r ad la l  d i f f u s i o n  model (Boudreau. 
19841, and the above argument should be v a l i d  f o r  t h i s  model too. 
To check on the v a l i d i t y  of the steady-state assumption, a s ing le  
equation t h a t  approximates the system described above was solved numerical l y  
using the Crank-Nicholson method (Crank, 1956). In t h i s  approximation 
i r r i g a t i o n  i s  assumed t o  be constant and equal over the depth i n t e r v a l  
considered and I?, decreases exponential l y  over the e n t i r e  depth i n t e r v a l  , 
i .e. 
ac/at = o,a2ciatZ - a<c - c,) + R,e- P z  3-4 
Using j u s t  one equation, both I r r i g a t i o n  and R, w i  11 be underestimated a t  
the surface and overestimated a t  depth. The equation was solved f o r  a 20 cm 
depth i n t e r v a l  assuming the f o l  lowing i n i  t i a l  and boundary condi t i ons  : 
t = 0, C = Ca a t  a l l  z 
t > 0, z = 20, C = C f ;  and t > 0, z = 0, C = Co 
When t h i s  equation was solved using parameters t h a t  descr ibe cond i t ions 
s im i l a r  t o  June 84, 5.25 months were requ l red t o  reach steady-state 
condi t ions.  However, i n  j u s t  two weeks the p r o f i l e  maximum was a t  65% o f  i t s  
steady-state value and i n  f o u r  weeks i t  had reached 80% o f  t h i s  value. Figure 
111.5 shows the approach t o  steady-state. I t  i s  important t o  note t h a t  the 
boundary cond i t i on  assurni ng t ha t  C = Co a t  t = 0 i s  an extreme case. I t  i s 
unusual for  the sediments t o  be washed out  t o  bottom water concentrat ions.  I n  
eleven cores co l  lec ted between December 82 and October 85,  o n l y  two have shown 
evidence t ha t  the pore waters were f lushed t o  a s iqn i f l can t  ex ten t  w i t h  bottom 
water (Mart in, 1985; t h i s  study). Equation 3-4 was solved f o r  two o ther  
cases; these so lu t ions are shown i n  Figure 111.6 a and b. Figure 111.6 a 
ind icates  how long i t  might take t o  go from ea r l y  summer t o  l a t e  summer 
condit ions, e.g. June 84 t o  l a t e  August 84. Again, actual  steady-state 
concentrat ions are not  achieved u n t i  1 5.75 months have elapsed, but  i n  f o u r  
weeks the ca lcu la ted p r o f i  l e  i s  very close t o  the steady-state p r o f i l e .  The 
pred ic ted concentrat ion maximum of 7.5 mM CC02 i s  much g rea te r  than any 
concentrat ion observed i n  the f i e l d .  This i s  because i r r i g a t i o n  i n  t he  
surface sediments i s  underestimated g r e a t l y  i n  the one-layer model. I f  the 4 
week p r o f i l e  i s  modelled as though i t  were the steady-state p r o f i l e ,  the value 
o f  R, i n  the surface sediments i s  underestimated by 25% and the t o t a l  amount 
o f  carbon ox id ized i n  the top 20 cm i s  underestimated by 20%. I n  F igure  111.6 
b, the case o f  going from an estab l ished summer p r o f i l e  t o  w in ter  cond i t ions 
i s  examined. I n  t h i s  so lu t ion,  a has been assigned a value t h a t  i s  
essen t i a l l y  zero. Even a f t e r  nine months, steady-state concentrat ions have 
not been achieved i n  the deeper sediments. I n  t h i s  case, i f  a i s  maintained 
a t  a n e g l i g i b l y  small value, the 4 week p r o f i l e  cannot be modelled as 
steady-state unless R, i s  a l so  very small ( t l  x l o - ' '  mol / l -sec) .  Thus, 
whi le the steady-state assumption i s  an approximation, reasonable r e s u l t s  can 
Figure 111.5. Approach o f  the time-dependent numerical model to steady-state, 
assumlng that at t = 0, C = Co for all z .  In about 4 weeks the profile i s  
approach1 ng the steady-state solution. 
Figure 111.5 
Figure 111.6. Approachs t o  steady-state concentrations of CCO, using a 
one-layer model and assuming an initial steady-state representative of early 
summer conditions. 
a. early summer t o  late summer conditions, initial steady-state conditions: 
a =  3.5 x lo-', D~~~~ = 6.5 x lo-=, B = . I ,  R, = 3.0 x 
time-dependent conditions: a = 4.5 x Dnco, = 7 x 13 = .08, 
R, = 6.0 x lo-' 
b. early summer t o  winter conditions, initial steady-state conditions: a = 
3.5 x Dnco,  6.5 x lo-', I3 = . l ,  R. = 4.0 x lo-'; 
time-dependent conditions: a = 1.0 x lo-'', Oncos = 5 x B = - 1 ,  
R, = 0 . 6  x 

be obtained by using i t  a t  ce r t a i n  times of the year. This w i  11 be 
demonstrated fur ther  by comparing the model-cal culated ra tes  t o  independently 
estimated rates.  
Using the steady-state approximation, the so lu t ions t o  equations 3-3 a 
and b are: 
I CI = CIeY" + C2e-Y1' + C r o  + A 1  (3-5) 
I 1  C l  = C4e-72Z - A,~-P'  + Co (3-6) 
where 
Applying the f o l  lowing boundary condit ions: 
z = 0 ,  CT = C T O  
z = z b ,  CT I = C T 2  where tb i s  boundary between I and I1 
J I  = J I I  
the constants are: 
C1 = '(C* + A1 1 
Cs = O A ~ ~ ' @ ' ~ +  ylCZ(e - y l x b  + e Y 1 x l )  + ylAle Y I Z b  
y2e-Y22b 
fII.2.B.2. So lu t ion  Model Results 
The model f 1 t s  t o  data from October 83, June 84, and Augu.st 84 are shown 
i n  Figure 111.7 a to c. The parameters used t o  f f  t the data a re  1 f s t ed  i n  
Figure I11.7. , Steady-state model f i t s  t o  data from October 83, June 84, and 
August 84. The parameters used t o  f i t  the data are l i s t e d  i n  Table 111.2. 
The s o l i d  1 ines represent the best f it. The dot ted l i n e s  were. ca lcu la ted 
using values o f  R, two times the best-f i  t values, and the dashed 1 ines were 
calculated using values of R, one-half the bes t - f i  t values. 


Table 111.2. These f i t s  are not  unique but  are the ones judged best  
considering avai l ab l e  knowledge about i r r i g a t i o n  a t  t h i s  s i t e  and s u l f a t e  
reduct ion ra tes  i n  locat ions s im i l a r  t o  t h i s  s i t e .  The model f i t  i s  shown 
on ly  to  20 cm because t h i s  i s  the depth t o  which 2 2 2 ~ n f 2 2 6 R a  
df sequi 1 i brium has been measured. The model-cal culated p r o f i l e  always 
underestimates the amount o f  ZCO, i n  the sediments a t  depth. The most 
l i k e l y  explanations for  t h i s  are t h a t  1 )  the model overest imates i r r i g a t l o n  i n  
the deeper sediments, and 2) there i s  more production a t  depth than the 
exponent ia l ly  decreasi ng COz production r a t e  accounts for. I t  i s  c e r t a l  n 
t ha t  the model i s  overest imating i r r i g a t i o n  a t  depth. The i r r i g a t l o n  term i n  
the second zone can be smaller than t ha t  i n  the first zone, y e t  i t  i s  
considered t o  be constant w i th  depth. I n  o ther  words, the  model assumes t ha t  
there i s  a small, bu t  s i gn i f i can t ,  amount o f  i r r i g a t i o n  t o  i n f i n i t e  depths i n  
the sediment, a1 though t h i s  i s  known t o  be f a l s e  f o r  An. The increase 
observed i n  the lCOt p r o f i l e  below 20 cm must be due to  d i f f u s i o n  from a 
zone o f  production deeper i n  the sediment. Su l fa te  reduc t ion  should cont inue 
i n  the sediments u n t i l  a l l  the su l fa te  has been consumed; below t h i s  depth 
methanogenesi s occurs (Reeburgh, 1982). A t  the i n t e r f ace  between the s u l f a t e  
reduction and the methanogenesi s zones, there  i s  a zone of  methane ox tda t ton  
(Reeburgh, 1982). The cessation o f  i r r i g a t i o n ,  continued s u l f a t e  reduct ion,  
and methane ox ida t ion  should create  an increase i n  CC02 a t  depth i n  the 
sediment. 
The e f f ec t s  o f  overest imat ing i r r i g a t i o n  and underest lmat ing C02 
production a t  depth i n  the sediments on carbon budgets ca l cu l a ted  f rom t h i s  
model should counteract each o ther .  Overest imating i r r i g a t i o n  i n  zone I1 
Table 111.2. The model parameters used t o  f it  the data  from October 83, June 
84,  and August 84.  R, i s  reported i n  u n i t s  o f  mol/L-sec, O i n  cm- ' ,  a 
i n  s e c - '  , and zb i n  cm. The model i s  described i n  the t e x t .  
Month 
-
R x lo9 
-'= - B
Oct. 83 4.0 .35  
June 84 4.25 .2  
Aug. 84 7 .5  . 3  
means t ha t  CO, production i n  zone 11 must be increased near zb i n  order 
for  the modelled p r o f i l e  t o  f i t  well  a t  zb. This should compensate f o r  some 
of the underestlmatlon due t o  ignor ing production a t  depth. However, the 
ove ra l l  effect of these two s imp l t f i ca t l ons  i n  const ruc t ing a  carbon budget 
f o r  t h i s  s i t e  i s  small when i r r i g a t i o n  I s  not constant w i t h  depth. I n  October 
83 and August 84, the amount o f  carbon oxid ized below zb was less  than 10% 
o f  the t o t a l  amount oxid ized i n  the sediments. However, i n  June 84, when 
i r r i g a t i o n  was constant t o  20 cm, the amount of carbon ox id i zed  below zb was 
almost 30% o f  the t o t a l  amount oxid ized.  This ind icates  t h a t  the model 
parameters R, and I3 are very sens i t i ve  t o  the values of a t h a t  are used. 
The actual value chosen fo r  R, i s  dependent on the value chosen f o r  the 
i r r f g a t l o n  parameter, a. Thus, i f  a i s  known t o  a  c e r t a i n t y  of 2 2096, 
then R, i s  known to  t h i s  c e r t a i n t y  a1 so. The values chosen for a,, i n  
October 83 were based on values reported f o r  October 82, and those chosen f o r  
June 84 were based on values reported f o r  June 84 (Mart in,  1985). The values 
f o r  a, , , used i n  August 84 are greater  than any measured a t  t h i s  s i t e .  
However, i t  was not  possib le t o  reproduce the observed p r o f i l e  i n  the top 10 
cm wi thout  using a large i r r i g a t l o n  term. Accurate est imates of  the ox ida t ion  
r a t e  depend on a  good knowledge o f  the ex tent  o f  i r r i g a t i o n .  
The model f i t  always underestimates the amount of C02 produced a t  the 
in te r face .  The model-predicted f luxes of CCOz across the sediment water 
i n t e r f ace  are compared t o  those ca lcu la ted from the observed g rad ien t  i n  Table 
111.3. The model-predl c ted f luxes were ca lcu la ted from: 
Jrnod = -+D,dCl /dz (2-O 
and the f luxes ca lcu la ted from the data were ca lcu la ted  from: 
Table 111.3. Comparl son o f  model-predlcted f l uxes  (Jrnod)  across t h e  
sediment water i n t e r f a c e  w i t h  those ca l cu la ted  from the  observed g r a d i e n t  
J W  The d e t a i l s  o f  the c a l c u l a t i o n s  a re  descr ibed i n  t h e  t e x t .  The 
f l u x e s  a re  repo r ted  i n  u n i t s  o f  mol/cmz-sec. A negat ive  f l u x  i s  f r om the  
sediments t o  o v e r l y i n g  water. 
Month Jmod X 10'' Jsw! x 10" 
Oct. 83 -0.77 -1.21 
June 84 -1.23 -2.75 
Aug. 84 -0.94 -2.35 
The model-predicted f luxes range from 40 t o  65% o f  the observed f l uxes .  This 
indicates t h a t  the model-predicted values of R, underestimate the product ion 
r a t e  a t  the in te r face  and poss ib l y  overestimate the ox ida t ion  below the 
in ter face.  However, the in tegra ted amount o f  ox ida t ion  i n  the surface 
sediments i s  a reasonable est imate o f  the actual  t o t a l  ox ida t ion .  
The l C O z  data from December 83,  March 85, and October 85 could not  be 
f i t  wel l  w i th  the model described above- This suggests t h a t  the sediment 
system was no t  a t  steady-state. If so, the above model can no t  be appl l ed  to 
the data t o  determine R,. Thus, a d i f f e r e n t  model w l l l  be used t o  est imate 
values o f  R, f o r  the low temperature months. 
The concentrat ions o f  CCOz i n  December 83 and October 85  were very 
low compared t o  values observed a t  t h i s  s i t e  i n  most o the r  months ( t h i s  study; 
see a l so  Mart in, 1985). The December 85 core was sampled a few days a f t e r  
several la rge storms had passed through Buzzards Bay. and the  October 85 core 
was sampled one month a f t e r  Hurricane G lo r i a  and one week a f t e r  a stormy 
period. Both these cores appear t o  have had pore water cons t i tuen ts  washed 
out  by some mechanism and have no t  had time t o  re-establ i sh steady-state 
concentrations. 
I n  December 83 2 2 2 R n / 2 2 6 ~ a  measurements d i d  no t  show dep le t ions 
(Mart in, 1985). I n  order f o r  t h i s  system t o  be a t  equilibrium, the i r r i g a t i n g  
event must have occurred a t  l e a s t  two weeks p r i o r  to  sampling. I f  i t  i s  
assumed t ha t  the pore water CCOz between 0 t o  20 cm were d i l u t e d  t o  the 
bottom water CCOz concentrat ion and t h a t  i t  has taken two weeks to 
es tab l i sh  a constant f i n a l  concentrat ion o f  2.75 mM, an est imate of the 
maximum R, can be calculated from: 
R, = AC /& t  
The r a t e  ca lcu la ted f o r  December 83 i s  shown i n  Table 111.4 a long w i t h  the 
values o f  R, ca lcu la ted f o r  October 83, June 84, and August 84. 
The core from March 85 i s  i n t e r e s t i n g  and appears t o  be most simi l a r  t o  
the core from June 84. A la rge maximum i s  observed i n  the d isso lved Ca 
p r o f i l e  i n  both these months. I n  March 85, there i s  a  minimum observed i n  the 
Alk p r o f i l e  i n  the upper 4 cm, and i n  June 84, the A lk  measured i n  the surface 
i n t e r va l  was less  than bottom water Alk.  I n  both these cores there  appears t o  
be s i g n i f i c a n t  d i s so lu t i on  of CaCOs a t  the same t ime t h a t  the re  i s  ne t  
consumption o f  A lk .  This i s  p a r t i c u l a r l y  su rp r i s ing  because the d i sso lu t i on  
o f  CaC0, i s  a  source o f  Alk. I t  i s  most l i k e l y  t h a t  these cores were 
sampled a t  a t ime when benthlc a c t i v i t y  was j u s t  beginning t o  re -es tab l i sh  
i t s e l f  a f t e r  the winter .  Antmals were tu rn ing  the sediment over and b r i ng i ng  
solid-phase su l f i des  (e.g. FeS) from depth i n  the sediment to the surface 
where they could be ox id ized w i th  02.  This process can produce a  la rge  
amount of acid which can d isso lve CaC03. Based on the Alk and Ca p r o f i l e s ,  
i t  appears tha t ,  i n  June 84, the ox i da t i on  o f  su l f i des  i s  important  very close 
to the sediment water i n te r face ,  wh i le  the data from March 85 ind ica te  t h a t  
the ox ida t ion  occurs deep i n  the sediments - between 2 and 4 cm. This means 
t h a t  O2 must be introduced t o  the sediments t o  a  depth o f  4 cm. I r r i g a t i o n  
i s  the on ly  mechanism t h a t  could account f o r  t h i s .  Fur ther  evidence fo r  
ox ida t ion  o f  su l f l des  i s  shown by the dissolved i r o n  measured i n  June 84 
(Mart in, 1985). The maximum Fe concentrat ion o f  600 pM i s  observed a t  0.25 
cm and i s  one o f  the highest  measured a t  t h i s  s i t e .  The o x i d a t i o n  o f  
Table 111.4. Model-calculated C02 production rates (R,) and values 
calculated from measured sulfate reduction rates (R,.,,). The units of the 
rate are rnolll-sec; the values in parentheses are the rates expressed as 
nmol lcm3-day. 
Month 
-
8, x 109 
Oct. 83 4.0 (294) 
Dec. 83 .62 (45) 
June 84 4.25 (312) 
Aug. 84 7.5 (551) 
solid-phase sulfides has been proposed as one mechanism for the removal of 
reduced sulfur from coastal sediments (A1 ler, 1982; Howarth, 1984). The data 
from these cores provide compelling evidence that this process does occur. 
II1.2.B.3. Summary of Solution Model Results 
Rates of CO, production in the sediments for four months are listed in 
Table 111.4. The values of R, calculated from this model for the surface 
sediment range from a low of 4.0 x lo- '  molll-sec (294 nmollcm3-day) in 
October 83 to a high of 7.5 x lo-' molll-sec (551 nmollcm3-day) i n  August 
84. Values of R, at 10 and 20 cm are 3-13% and 0.1-29: of the surface 
remlneral ization rates, respectively. It was found that the model-predicted 
value of R, was dependent on the value chosen for the Irrigation parameter, 
a This dependence emphasizes the importance of a knowledge of the 
mechanisms and magnitude of pore water transport in a nearshore environment 
when modelling pore water profiles. At this study site the enhanced transport 
of solutes had been we1 1-characterized with "'Rn (Martin, 1985).  
During colder months, the pore water profiles were not at steady-state 
concentrations. In these months, the rate of remineral ization was slow and in 
two months, an event such as storm-induced irrigation, had reduced pore water 
concentrations to near bottom water values. It was possible to calculate a 
C02 production term for only one of these months (December 83). The value 
of R, was 0.6 x lo-' ml1L-sec (45 nmollcm3-day), significantly lower 
than those calculated in the summer months. 
Table 111.4 also 1 i sts Cot production rates that were calculated' from 
sulfate reduction rates measured in sediment from this site with 3sS 
(Howarth, unpubl i shed). The sulfate reduction rates were converted to R, 
values by assuming that two moles of COr are produced per mole of SO, 
reduced. This relationship has been shown true in Long Island Sound 
(Westri ch, 1985). Then: 
R, = 2R, 
Hhi le the measured and model-calculated rates are of the same order of 
magnitude, in December 83 the measured rate is almost twice the 
model-calculated rate, and in June 84 the measured rate is approximately 
one-half the model-calculated rate. The value of R, calculated for June 84 
may be higher than the measured rate because 02, as well as SO4, may be an 
important electron acceptor in the surface sediments. Jorgensen et al. (19 > 
have estimated that as much as 50% of the C02 produced at the surface of 
reducing sediments overlain by an oxic water column may be from Or 
reduction. If the Mn profile from June 84 (Martin, 1985) is used to define an 
O2 zero depth of 0.25 cm, it can be shown that approximately 10% of the 
total organic carbon oxidized may be oxidized by 02. This is a minimum 
estimate for two reasons. First, a linear gradient was assumed for the Oz 
proflle. Second, diffusion across the sediment water interface was assumed to 
be the only source of Oz to the sediments when irrigation may be a source 
also. In light of the above discussion, the discrepancy between the measured 
and model-calculated rates in December 83 is difficult to explain. A1  though, 
as mentioned before, irrigation is negligible this  nth and Oz is unllkely 
to be as Important an oxidant below the sediment water interface, the relative 
lack of oxygen can not explain why the measured rate is higher than the 
calculated rate. However, some of the discrepancy may be due to spatial 
heterogeneity. Because the values of R, calculated in this study represent 
an average over a larger area of sediment than the sulfate reduction rates, 
R, is a better indicator o f  the average remineralization occurring at a 
given site. 
III  .2.B.4. Sol id-phase Organic Carbon Model 
A model was developed t o  interpret the solid-phase data; it is shown 
pictorially in Figure 111.8. Basically, the model is an attempt t o  describe 
the observed profiles of SOC assuming that the major processes affecting SOC 
concentrations are oxidation of organic carbon and bioturbationat mixing of 
the sediments. In the model, the sediment column is divided Into two zones - 
one with rapid mixing and another with slower mixing. The speclfic 
assumptions Incorporated into the model are described below. 
Mixing is assumed to be a random process in which each particle is as 
likely to be mixed as another. It is unlikely that thls is strictly true. 
Benthic organisms appear to choose specific particles preferentially during 
their feeding and excretion activities (Jumars et a1 . , 1981 1 .  This 
specificity is 1 ikely t o  concentrate certain particles, probably organic-rich 
ones, at the surface o f  the sediment. The sophistication necessary t o  include 
this specificity is beyond the scope of the present model and unjustified by 
the data set. The existence of a rapidly mixed layer in the upper f e w  cm o f  
the sediments In Buzzards Bay has been documented before. Martin (1985) 
showed that the short-lived isotope 234Th (t,,* = 24.1 days) could be 
detected t o  depths of 2.5 t o  3.0 cm; the depth o f  penetration varied 
seasonally. Rhoads (1967) demonstrated in the laboratory that Nephthys incisa 
vigorously reworked sediment t o  depths o f  2-3 cm. The occurrence of 
bomb-produced radionuclides t o  depths of almost 30 cm at Station P in Buzzards 
Figure 111.8. Representation of the model used to interpret the sol id-phase 
data.  
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Bay (Sholkov i t r  and Mann, 1984) i s  evidence t ha t  solid-phase mix ing occurs t o  
depths much greater  than 3 cm. However, mixlng i n  the second zone i s  
considered t o  be slow enough f o r  sedimentation t o  a f f e c t  the depth p r o f i  l e  o f  
SO€. Each mix ing c o e f f i c i e n t  I s  assumed t o  be constant w i t h  depth i n  the 
region i n  which i t  i s  defined. 
The ox ida t ion  r a te  o f  organic carbon i s  assumed t o  be propor t iona l  t o  the 
concentrat ion o f  metabolizable organic carbon. Westri ch and Berner (1 984) 
have shown t h a t  the decomposi ton o f  plankton can be described by a f i r s t  order 
r a te  equation and t ha t  the r a t e  o f  SO4 reduct ion I n  sediments i s  d i r e c t l y  
proport ional  t o  the q u a l i t y  o f  the organic matter added t o  the sediments. Two 
ra te  constants, k,  and k,, are defined i n  t h i s  model; the f i r s t  app l ies  t o  
the ox ida t ion  o f  organic carbon i n  the r ap id l y  mixed layer  and the second t o  
the deeper laye r  of sediments. Two constants are used I n  an attempt t o  
account f o r  the d i f f e r e n t  r e a c t i v i  t i e s  o f  ce r t a i n  f r a c t i o n s  of the organic 
matter. The r a t e  constants are assumed t o  change a t  the boundary between the 
two mixing layers  f o r  two reasons. One i s  to  s i m p l i f y  the mathematics of  the 
problem. The o ther  i s  t h a t  the depth of penetrat ion o f  h i g h l y  l a b l l e  organic 
carbon i s  probably 1 i m i  ted  by the speed w i t h  which i t  can be mixed i n t o  the 
sediments. If there were no rap id  mix ing there would be very l i t t l e  h igh 
qua1 i t y  organic matter below the surface o f  the sediments. 
I t  i s  assumed t h a t  the supply o f  organic carbon t o  the sediments has been 
constant over t ime. The sedimentation r a t e  a t  t h i s  s i t e  i s  0.075 cmlyr ( t h i s  
study). .The cores studied here are 30 to 40 cm long and represent  
approximately 500 years o f  sediment accumulation. I t  i s  l i k e l y  t h a t  the 
sedimentation r a t e  has changed over t h i s  t ime per iod.  The t r a n s i t i o n  from a 
wi lderness to a populated area should have caused increased run-off as we1 1 as 
a greater supply of nutrients to the Bay. If the amount of organic carbon 
reaching the sediments has increased while the rate of remineralization has 
remained the same, this model will overestimate the amount of carbon oxidized 
in the sediments. 
There is almost certainly a seasonality in the supply of organic carbon 
to the sediments that is related to plankton blooms. The effects of this 
seasonality wi 1 1  be d l  scussed after discussing the results of the model 
application. 
The porosity of the sediments is assumed to be constant with depth. As 
discussed in a previous section this is not strictly true; the poroslty of the 
sediments is described by equation 3-2. 
Given the above assumptions, the following diagenetic equations may be 
written to describe the depth profile of metabolizable organic carbon 
concentration (GI: 
Layer I swat = D,(~'G/~z~> - k , ~  
Layer11 a ~ ~ / a t = ~ , ( a ~ ~ / a ~ ~ ) - ~ ( a ~ / a ~ ) - k ~ ~  
where D l  ,Dz are mixing rate coefficients 
k, .k2 are reaction rate coefficients 
o is the sedimentation rate 
To analytically solve these equations, the profile is assumed t o  be In 
steady-state. The validity of the steady-state assumption for dissolved 
species has been discussed in detail. However, it is unlikely that the 
solid-phase responds on the same time scale. The greatest mixing coefficients 
for Buzzards Bay are at an order of magnitude less than sediment diffusion 
coefficients. It is probable that a few months are required for the 
sol id-phase organic carbon profiles to reach steady-state whi le only a few 
weeks are required for the solution profi les. 
The boundary condl tions used to solve the equations are: 
z E zb, GI  = Gt zb = boundary between layers I and 11. 
The solutions are: 
where 
In order to use this model to determine reaction rates, the following 
parameters must be defined: G, Go, Dl, D 2 ,  w, z b  
Metabolizable organic carbon was operational ly defined as the 
concentration of organic carbon at a particular depth minus the asymptotic 
concentration of organic carbon . i .e. 
G, = C, - L, C, = 16.0 mgClgdw ( i n  June 84 15.0 rngC/gdw) 
The value of organic carbon measured i n  the surface sediment interval is 
assigned to  Co. 
The mix ing coe f f i c ien ts ,  depth o f  the boundary between layers  1 and 2, 
and sedimentation r a te  were estimated by applying a 2-layer mix ing model t o  
OPb data (Brownawell, 1986) co l lec ted a t  the s i t e .  The mix ing c o e f f i c i e n t  
i n  the f i r s t  l aye r  was assumed t o  be equal t o  t ha t  ca lcu la ted by Mar t in  (1985) 
uslng h i s  234Th data. The model appl l e d  t o  the excess " OPb data i s  the 
same as t ha t  described above for  the ox ida t ion  o f  organic carbon except t h a t  
the decay constant (1) o f  the isotope being considered i s  used ins tead of  
the reac t ion  r a t e  constant, i .e. X = k,  = k,. The f i t  t o  the ' lOPb 
a c t i v i t y  p r o f i l e  i s  shown i n  Figure 111.9. The 2'0Pb data are  described 
we1 1 by t h i s  model. The depth t o  which r a p i d  mixing occurs ( zb )  t h a t  was 
determined from the f i t  t o  the "OPb data i s  3 cm. This i s  cons is ten t  w i t h  
excess 234Th data (Martin, 1985) and 1 aboratory observations of  sediment 
from Buzzards Bay (Rhoads, 1974). A value o f  0.05 cm/yr i s  used as the 
sedimentation r a t e  (Section V.4). The value of o i s  no t  c r i t i c a l  i n  the  
analysis o f  the solid-phase organic carbon data because O2 i s  l a rge  enough 
t h a t  sedimentation does not  a f f e c t  the ca lcu la ted p r o f i l e .  The values o f  
Dl , D z ,  z,,, and u used i n  running the organic carbon ox i da t i on  model 
are def ined i n  Table 111.5. 
I I I .2.B.5.  Solid-Phase Model Results and Discussion 
Model f i t s  t o  the metabol izable organic carbon data a re  shown i n  Figures 
111.10 a t o  e; the best f i t  i s  drawn w i t h  a s o l i d  l i n e .  The reac t i on  r a t e  
constants ca lcu la ted from the model are l i s t e d  i n  Table 111.7. The values o f  
k, and k 2  used t o  f i t  the data are dependent on the mix ing coe f f i c i en t s  
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Figure 111.9. F i t  o f  the 2 ' o P b  data to the solid-phase mixing model. The 
mixing coefficlents used were D l  = 44.0 x lo-" cmz/sec and 0, = 11.0 x 
lo-' cm2/sec. 
Figure 111.9 
Table 111.5. Model parameters used to fit solid-phase data to model. Model 
i s  described in text. D, and D2 are expressed I n  cm2/sec; z, i n  cm; 
and o i n  cmlsec. 
Month - D 1 - Dz 
Oct. 83 
June 84 44 x lo-' 1 1  x lo-' 
Aug. 84 
Dec. 83 
Oct. 85 
Figure 111.10. Fits of the sol id-phase model t o  the metabolizable organic 
carbon data. The parameters used t o  fit the data are 1 i s t e d  in Tables 111.5 
and 111.6. The solid lines represent the best fits; the dotted lines were fit 
using values of kl and kZ five times the best-fit values, and the dashed 
lines were calculated using values of kl and k2 one-fifth the best-fit 
values. 
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Table 111.6. Values of the react ion r a t e  constants (k ,  and k,) ca lcu la ted 
for each month. The constants are expressed as sec- ' .  
Month - k, x 10' - k2 x log 
Oct. 83 3 .0 0 . 6  
Dec. 83 0 .5  3.0 
June 84 44.0 5.0 
Aug. 84 40.0 0.7 
Oct. 85 7 . 3  1.8 
used. However, there is enough variability in the organic carbon data that 
changing the value o f  Dl .. by a factor of two does not greatly alter the 
value of k,  .. ,. 
The reaction rate constants calculated in the upper 3 cm vary a great 
deal seasonally, while those calculated from data collected deeper in the 
sediment column are approximately equal. The vari abi 1 i ty in the surface 
sediments probably reflects the inadequacy of two o f  the assumptions in the 
model. The system is not at steady-state and the estimation o f  metabolizable 
organic carbon is a gross simp1 ification of the complexity of organic matter 
in the sediments. It is also possible that the calculated variations are 
actually due to temporal variations. Possible explanations o f  the variable 
rates in the surface sediments are related t o  seasonal fluctuations in 
temperature, the size and location o f  the microbial population, and the 
addition o f  highly labile organic matter. 
It is likely that there is periodic addition of highly labile organic 
matter to the surface sedlments, particularly in the warmer months. It is 
possible t o  estimate the amount o f  "fresh" organic matter that must be added 
to the sediments to account for the elevated rates observed i n  June and 
August, ' 84 .  It can be assumed that there is a constant flux of bulk organic 
matter with a reactlvl ty on the order of k, t o  the sediment water interface 
and, occasionally, fresh, highly reactive organic matter is added, i .e. 
G = G b u ~ k  + G f r e s h  
k lG = k ~ G b u ~ k  + k f r e s h G ~ r e s k  
The amount of fresh organic matter that must be added t o  the sediments t o  
raise k, to k r  can be calculated if a reaction rate constant for the fresh 
organic matter can be found. If the constant determined by Westrich and 
Berner (1984) i n  a laboratory study o f  the decomposition o f  f resh  
phytoplankton (k = 760 x 10" sec-'1 i s  used, then only 5-10% o f  the 
metabolizable organic carbon I n  June 84 and August 84 i s  from a f resh  
"planktonic" source. This i s  a lower 1 i m i t  of the amount o f  carbon necessary 
t o  r a i se  kZ to k,  because the reac t ion  r a te  constant determined by 
Westrich and Berner (1984) f s an upper l i m l t  of the r e a c t i v i t y  of the organic 
matter tha t  could be expected t o  reach the sediment water i n te r face .  I t  i s  
concelvable tha t ,  even i f  the r e a c t i v i t y  o f  the f resh  source o f  organic carbon 
were less than assumed, there could be a t rans ien t  event which increases the 
concentrat ion o f  organic carbon i n  the sediments f o r  a shor t  per iod o f  t ime. 
The input  could coincide w i th  a plankton bloom. 
III.2.C. Carbon Budget 
The amount of carbon ox id ized i n  the sediments annual ly  can be ca lcu la ted 
from the values o f  R, and k l i s t e d  i n  Tables 111.4 and 111.7. For the 
so lu t lon  model, the amount o f  CCOz produced i n  the upper 20 cm o f  the 
sediments can be ca lcu la ted from: 
CC, = FCS;b~R,dz + SI%$R.e- 'dz l  
where F = concentrat ion conversion fac tor  
I n  the months dur ing which the d i sso lu t i on  of CaCO, i s  important, i t s  
e f f e c t  was removed I n  the fo l l ow ing  manner. A curve- f i  t t i n g  r ou t i ne  was used 
to  ca lcu la te  a polynomial func t ion  t h a t  describes the concentrat ion o f  Ca w i th  
depth. I f  i t  i s  assumed tha t  the Ca p r o f f l e  i s  i n  steady-state, the ne t  
amount o f  CO$- added due t o  d i sso lu t i on  can be ca lcu la ted  from: 
Under a steady-state assumption, the sediment d i f fus ion coe f f i c ien t  for Ca 
needs t o  be corrected f o r  adsorpt ion on l y  if the sol id-phase mix ing 
coef f ic ient  i s  o f  the same order as the adsorpt ion corrected sediment 
d i f fus ion c o e f f i c i e n t  (Berner, 1980). I n  June 84, t h i s  i s  the case i n  the top 
2-3 cm. The corrected d i f fus ion  c o e f f i c i e n t  i s :  
D'ca = (1  + K I D 1  + Ds = 5 . 4  x cm2/sec 
where Dl i s  the sol id-phase mixing coe f f i c ien t  i n  the surface 
sediments 
K i s  the dimensionless adsorpt ion constant, 1.7 from L i  
and Gregory (1 9741 
I n  Section I I I .2 .A. l .b ,  i t  was suggested t h a t  the low values o f  pH 
observed i n  the pore water between 0 and 4 cm i n  June 84 were due t o  excess 
ac id  produced dur ing the ox ida t ion  o f  sol id-phase su l f i des .  I t  i s  probable 
t ha t  some o f  the excess ac id  was produced dur ing the ox i da t i on  of organ ic  
carbon w i th  02 .  The r e l a t i v e  changes i n  CCO, and Ca can be used to show 
t h a t  organic carbon ox idat ion alone cannot produce enough acid.  Using the 
re la t ionsh ips  shown i n  Table 1.1 and assuming t ha t  a l l  the Cot produced 
reacts w i t h  CaC03, i t  can be shown t ha t ,  dur ing aerobic ox i da t i on  o f  organic 
matter w i th  Redfield sto ichiometry,  
ACa/ACCOz = 0.54 
Comparing the r e l a t i v e  ra tes  o f  product ion o f  d issolved Ca and CC02 
between 0 and 2 cm i n  June 84 
R c a / R ,  = 1 -06 
This value i s  almost twice the pred ic ted value i n d i c a t i n g  t h a t  there  i s  a 
s i g n i f i c a n t  source o f  ac id  o ther  than the aerobic ox i da t i on  o f  organ ic  
carbon. The fac t  tha t  the measured values of pH are a l l  l ess  than 6.5 suggest 
t ha t  there i s  no t  enough CaC03 i n  the sediments t o  neu t ra l i ze  a l l  the ac id  
produced. The f a c t  t ha t  i n t a c t  she1 1 fragments are found deeper i n  the 
sediment ind icates  t ha t  there i s  s t i l l  CaC03 i n  the sediments. However, 
these fragments are always found a t  depth, usua l l y  20 cm or deeper, and may 
have passed through the zone o f  d i sso lu t lon  too r a p i d l y  to be dissolved 
e n t i r e l y .  I f  i t  i s  assumed t h a t  the d isso lu t lon  of CaCOj i n  June represents 
a  maximum amount of d i sso lu t ion  and t ha t  the same amount o f  d i sso lu t i on  can 
occur as many as three months o f  the year, then, a  maximum amount o f  annual 
CaCOs d isso lu t lon  o f  4.2 g  CaC03/mz i s  calculated.  
Returning to the carbon budget, the amount o f  carbon ox id i zed  i n  the 
sediments I s  then: 
CC,. = CC, - K c ,  
The amount o f  carbon ox id ized has been ca lcu la ted on an annual basis and i s  
l i s t e d  i n  Table 111.8. 
To ca lcu la te  the amount o f  carbon ox id ized i n  the sediments us ing the 
sol id-phase model : 
CC., = F [ S : ~ ~ , G ~ Z  + s ; ~ ~ ~ G ~ z I  
where F = concentrat ion conversion f a c t o r  
The resu l t s  o f  t h i s  ca l cu l a t i on  are l i s t e d  i n  Table 111.7. 
The so lu t ion  and solid-phase model r e s u l t s  are o f  the same order o f  
magnl tude, but  the agreement i n  October 83 and December 83 i s  no t  good. I t  i s  
11 ke l y  t ha t  a  steady-state assumption i s  p a r t i c u l a r l y  bad for the sol  id-phase 
data from December 83. The elevated values o f  SOC measured i n  the upper 4 cm 
(Figure 111.1 .b) probably r e f l e c t  a  very recent  add i t i on  o f  f resh  carbon t h a t  
Table 111.7. The calculated amount of carbon oxidized annually in Buzzards 
Bay sediments. The total carbon oxidized is shown for solution results 
(CC,,,,) and for solid-phase results (CC,,), and is expressed i n  
gC/mz-yr . 
Month 
Oct. 83 82 15 
Dec. 83 19 8 6 
June 84 8 9 132 
Aug. 84 177 1 00 
Oct. 85 -- 19 
has no t  been i n  the sediment long enough to be degraded. As discussed i n  
Section III.2A.2.a, i t  i s  more l i k e l y  t ha t  the so lu te  data represent 
steady-state condit ions. Thus, i t  i s  l i k e l y  t ha t  the r e s u l t s  ca lcu la ted from 
the so lu t ion  data are more accurate. 
I n  Figure 111.11, p l o t s  o f  bottom water temperature, R,, k ,  , and 
CC, vs. t i m e  are shown. As expected there i s  a co r re l a t i on  between 
reminera l lza t ion r a te  and temperature. Assuming t h a t  reminera l i za t ion  i n  
October 84 returns t o  a r a t e  s im i l a r  t o  t h a t  i n  October 83, the acea under the 
CC., curve represents an annual average o f  the carbon ox id i zed  i n  the 
sediments. The amount o f  carbon ox id t  zed t o  C02 i n  one year i n  the 
sediments i s  then 85 g C/mz. When t h i s  i s  added t o  the amount preserved i n  
the sediments, a t o t a l  o f  90 g C l m 2  reaches the sediments. This compares 
reasonably we1 1 w i  t h  the amount o f  pr imary p roduc t i v i t y  repor ted f o r  Buzzards 
Hay by Roman and Tenore (1978); they estimated t h a t  there are 100 g C/m2 
f i x e d  annual ly. However, t h i s  agreement would suggest t h a t  remlneral l z a t i o n  
i n  the water column i s  neg l ig ib le ,  o r  t h a t  there i s  some mechanism which 
concentrates organ ic- r ich  p a r t i c l e s  i n  ce r t a i n  sediment regions.  I t  i s  
probable t h a t  there i s  such a mechanism; however, i t  i s  a l s o  poss ib le  t h a t  the 
actual amount of pr imary p r o d u c t i v i t y  i s  d i f f e r e n t  from t h a t  repor ted by Roman 
and Tenore (1978). Studies o f  the methods used t o  measure pr imary 
p roduc t i v i t y  (Peterson, 1980; Goldman, 1980) suggest t h a t  o l d e r  methods may 
underestimate the primary p roduc t i v i t y  by as much as ten times. For t h i s  
d i  scussion, i t  w i  11 be assumed t h a t  the p r o d u c t i v i t y  has been underestimated 
by a f a c t o r  o f  two, thus making the est imate 200 gClmz-yr. the actual  
amount o f  primary p r o d u c t i v i t y  i n  Buzzards Bay i s  an important  parameter t h a t  
Figure 111.11. The relation of  bottom water temperature ("C), R, (mol/L-sec 
x l o 9 ) ,  k,  (sec - '  x l o 9 ) ) ,  and CC02,, (gc/rnz-yr) to the t ime of 
the year. 
Figure 111.11 
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needs t o  be investigated. The organic carbon t ha t  reaches t he  sediments i s  
concentrated i n  areas o f  f ine-grained sediments and the pr imary p r o d u c t i v i t y  
can be corrected t o  r e f l e c t  t h i s :  
200 x (235/100) = 470 gClm2-yr 
wher 235 sq. m i  . i s the area o f  Buzzards Bay 
100 sq. m i .  i s  the area o f  f ine-grained sediments 
from Hough (1940). 
With these rev is ions,  i t  i s  calculated t ha t  on l y  20% o f  the carbon f i x e d  
annually reaches the sediments. This value may be an overest imate because an 
add i t iona l  component of the f l ux  o f  lCOz has no t  been considered. I t  i s  
possib le t h a t  some of the CC02 f l u x  from the sediments t o  the bottom water 
or ig inated i n  the bottom water. Because the pH o f  bottom water i s  greater  
than t ha t  o f  surface pore water. CO:- may d i f f u s e  from the bottom water 
t o  the pore water, become protonated, and then d f f f use  back to  the bottom 
water. The s ign i f icance o f  t h i s  process w i l l  be discussed i n  the next  chapter 
Chapter I V  
THE NATURE OF THE ORGANIC MATTER UNDERGOING OXIDATION 
AND OTHER FACTORS AFFECTING THE 6' 'C OF TC02 
IV.1. Introduction 
The ox ida t ion  of organic carbon i n  sediments can be t raced through changes 
i n  the 6°C of eCOz i n  pore waters. This i s  a p a r t i c u l a r l y  useful 
approach as i t  i s  ' d i f f l c u l  t t o  i nves t iga te  remineral i z a t i o n  o f  organic carbon 
i n  coastal sediments d l r e c t l y .  Pa r t i cu l a te  matter  i n  the water column i s  no t  
always representat ive of  new mater ia l  reaching the sediment water i nter face 
since t i d a l  currents, storms, and benthf c a c t i v i t y  resuspend sediments; the 
resuspended, f ine-grained mater ia l  1 s mixed throughout the r e l a t i v e l y  shor t  
water column. Thus, the nature, as we1 1 as the quan t i t y ,  of the organic 
matter a r r i v i n g  a t  the sediment water I n t e r f ace  i s  not  always simply r e l a t e d  
t o  organic matter i n  the water column. Also, mix ing i s  so r ap id  i n  the zone 
o f  rap id  remineral i z a t i o n  t ha t  changes i n  the quan t i t y  and q u a l i t y  o f  
solid-phase organic carbon are d i f f i c u l t  to measure. The product ion of C02 
dur lng the ox ida t ion  o f  o rgan ic  matter  can be measured i n  pore waters. 
Changes i n  CCOt serve as a sens i t ive  ind ica to r  o f  d iagenet ic  processes. 
The 6'  'C of l C O z  must r e f l e c t  the i so top ic  nature of  the organic 
matter  being oxid ized.  
I n  t h i s  chapter, the i so top ic  nature o f  the l a b i l e  organic carbon i s  
lnvest igated by studying the & I 3 C  of CCOz i n  pore waters. Isotope 
r e s u l t s  from a f i e l d  study w i l l  be analyzed, and a laboratory  study using 
sediments from the same s i t e  as the f i e l d  study w i l l  be presented. The study 
s i t e  and lnethods used were described i n  Chapter 11. 
IV.2. Results 
IV .2 .A .  F i e l d  Study 
Depth p r o f  11 es o f  8 '  3C-CC02 from cores col  1 ected between October 
83 and October 85 were shown i n  Figure 111.3 a t o  f; the data are l i s t e d  i n  
Table A 1  o f  Appendix I. I n  general, there is .  a decrease i n  6'  3C w i t h  
depth i n  the sediments. Bottom water values average about 0.0 o foo  and by 30 
cm the 6 '  'C-CC02 I s  approximately -10.0 o/oo. I n  October 83 and June 
84, there i s  a minimum i n  the 6I3C p r o f t l e  between-4 and 10 cm. The 
re l a t i onsh ip  o f  6' 3C-CC02 t o  ICO, f o r  each month i s  shown i n  
Figure IV.1 a t o  f, and f o r  the combined data i n  Figure I V . 2 .  I n  most months, 
a negative co r re l a t i on  i s  apparent. The l i n e s  t h a t  f i t  the data best  f o r  each 
month are shown i n  Figure IV.1 a t o  f and l i s t e d  i n  Table I V . 1  along w i t h  the 
co r re l a t i on  coe f f i c i en t s .  The data from June 84 are described best  by two 
l i n e s  because the data co l lec ted  between 0 and 4 cm appear anomalously 
enriched i n  I3c. This anomaly w i l l  be discussed i n  Sect ion IV .3 .E .  These 
data were no t  used to ca lcu la te  the best  f i t  l i n e  fo r  the combined data.  
Figure IV. I. Measured values o f  6 '  'C-IcOx plotted against xC02 
for  each month sampled. 
Figure 1V.l .a. October 83 Figure 1V.l.b. December 83 
Figure IV. 1 .c. June 84 
Figure 1V.l.d. August 84 
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Figure 1V.l.e. March 85 Figure I V .  1 .f. October 85 
F i g u r e  Z V . 2 .  Measured values o f  6 '  'C-CC02 f o r  a l l  the  months 
sampled. The l i n e  shown i n  the  p l o t  represents  the b e s t  f i t  c a l c u l a t e d  using 
d a t a  from October 83 t o  March 85 and exc lud ing  data  between 0 and 4 cm from 
June 84. 
Figure  I V . 2  
Table I V . l .  Calculated best-fi t 1 ines for 6I3C vs. CC02 for each 
month and for a1 1 the data. The 1 lnes calculated for a1 1 the data together 
were calculated excluding the data from June 84 between 0 and 4 cm. These 
data are exp la ined  i n  Section IV.3.E. 
October 83 6°C = -2.84CC02 + 4.89 
r2 = .86 
December 83 613C = -4.O7CCO2 + 8.08 
r2 = .79 
June 84 
0-4cm 6 1 3 C = - 1 . 6 4 C ~ ~ 2 + 6 . 9 4  
rZ = .49 
August 84 
March 85 &"c= -5.31cCO2 + 14.30 
rZ a .67 
October 85 6°C = -5.O8CCO2 + 7.29 
rZ = .44 
October 83- 6I3C = -2.86CC02 + 5.58 
March 85 r2 = .74 
The bottom water  and sur face  sediment da ta  from October 85 appear to  be v e r y  
l i g h t  w i t h  respec t  t o  t h e  o t h e r  months. Since a new s t r i p p i n g  1 i ne  was used 
t o  c o l l e c t  these data, i t  i s  poss ib le  t h a t  there  was an a n a l y t i c a l  problem i n  
s t r i p p i n g  the  6°C-CCOz samples t h i s  month. The da ta  from October 85 
w i l l  n o t  be used i n  the  c a l c u l a t i o n s  i n  t h i s  chapter .  
IV.2.B I n c u b a t i o n  S tud ies  
Two l a b o r a t o r y  s tud ies  o f  the  o x i d a t i o n  o f  o rgan i c  carbon i n  Buzzards Bay 
sediments were conducted; the d e t a i l e d  methods i n v o l v e d  i n  each experiment 
were descr ibed i n  Chapter 11. B r i e f l y ,  i n  each experiment,  sediment f rom 
t h r e e  d i f f e r e n t  depth hor izons  was c o l l e c t e d  and t r ans fe r red  t o  40 to 50 m l  
g l ass  tubes. Sediment f o r  I n c u b a t i o n  Experiment I (IEI)  was c o l l e c t e d  i n  
February 1985 and f o r  I ncuba t i on  Experiment I 1  ( I E 2 )  i n  August 1985. I n  I E l ,  
the  sediment f rom each depth ho r i zon  was s t i r r e d  be fo re  t r a n s f e r r i n g  t o  t he  
tubes. IE2  was conducted because i t  appeared t h a t  I E 1  had n o t  reproduced the  
cond i t i ons  found i n  t he  f i e l d .  Therefore,  I n  IE2, mud was subcored d i r e c t l y  
f r om d i v e r - c o l l e c t e d  cores i n t o  the i ncuba t i on  tubes. Evidence t h a t  t h e  
method used f o r  IE2 was a much l ess  d i s r u p t i v e  sediment c o l l e c t i o n  method, and 
more accu ra te l y  p o r t r a y s  f i e l d  cond i t i ons  w i  11 be p resented  i n  Sec t i on  
IV.2.6.1. 
The changes o f  6 ' 3 ~ - 1 ~ ~ , ,  CC02, and Alk w i t h  t ime f o r  both 
i ncuba t i on  experiments a re  shown i n  F igure  IV.3 a and b and l i s t e d  i n  Appendix 
I. Also  l i s t e d  i n  Appendix I are  the measured values o f  H,S and PO,. I n  
bo th  experlments'and a t  a1 1 depths, 6'  3C-CC02 decreases and lCOz 
and A l k  Increase over  t ime.  I n  bo th  experiments,  the r a t e  o f  change of 
6 '  3C-CC02, CCOt, and A1 k was much g rea te r  i n  the sur face  sediments 
F i g u r e  I V . 3 .  The measured values o f  6' 3C-lC02 (o/oo), CCOz (mM>, 
and Alk (meqll) for IEl and IE2 are plot ted against time (days). 
Figure IV .3 .a .  
I E 1 ,  0-2 cm 
Figure  IV.3.b. 
.IEl, 9-11 cm 
Figure IV.3.c 
IE1, 17-20 cm 
Figure I V . 3 . d  
I E 2 ,  0-3 cm 
Figure IV.3.e 
IE2, 12-15 cm 
Figure IV.3.f 
I E 2 ,  18-21 cm 
than i n  the deeper sediments. I n  I E I  , lCOs increased from 4.5 t o  8.6 
mmolll over 2 days i n  the surface sediment and from approximately 3.0 t o  5.0 
mmol ll over 35 days i n  the deeper sediment. The S r 3 C - l ~ 0 ,  decreased 
from -4.2 t o  -9.7 o/oo over 2 days i n  the surface sediment and from 
approximately -5.1 t o  -9.5 0100 over 35 days i n  the deeper sediments. In IE2, 
ECOz increased from 3.5 t o  30.8 mmolll over 46 days i n  the surface 
sediments and from approximately 3 to 7 mmol 11 over 46 days i n  the deeper 
sediments. The S '  3C-CC02 decreased from -2.0 t o  -19.0 o loo  over 46 
days i n  the surface sediments and from approximately -8.1 t o  -16.0 0100 over 
46 days i n  the deeper sediments. I n  I E l ,  the i n i t i a l  r a t e  o f  change o f  these 
const i tuents i s  greater  than i n  IE2. To estimate e r ro r  due t o  sample 
heterogeneity, e i gh t  t o  ten tubes o f  mud were co l lec ted  a t  a f o u r t h  depth 
i n t e r va l  i n  both experiments and sac r i f i ced  a t  t o .  Data from these samples 
are 1 i s t ed  i n  Table AII .  . The 6 '  3C of CCO, decreases over time i n  
both I E I  and IE2 (Figure E V . 3 ) .  This i s  due t o  the add i t i on  o f  13C-depleted 
organic matter from the ox i da t i on  o f  organic carbon i n  the sediments. The 
6I3C-SOC was measured on several samples and was found t o  be -20.6 0100, 
i den t i ca l  t o  t h a t  found I n  the f i e l d  studies.  
1. Comparison o f  IEl and IE2 
The COz production rates (R,) ca lculated f o r  each experiment are 
l i s t e d  i n  Table IV.2. The ra tes  were calculated by f i t t i n g  the CCO, vs. 
t ime data t o  a s t r a i g h t  l i n e ;  the slope o f  the l i n e  i s  R, i n  mol l l -day.  The 
ra tes  1 i sted f o r  'IEl depths 9-1 1 cm and 17-20 cm were ca lcu la ted using data 
from time zero t o  two days. The i n i t i a l  ra tes  i n  I E 1  were much higher than i n  
I E 2 .  I n  IE1, microb ia l  a c t i v i t y  appears t o  stop a f t e r  2 t o  10 days, whi le i n  
Tab le  I V .  2 .  Values o f  R, c a l c u l a t e d  from measured ICOl  concentrat ions 
over  t tme i n  I n c u b a t i o n  Experiments 1 and 2.  Also l i s t e d  a r e  t h e  values used 
t o  model 1C02 data i n  Chapter 111.  The values a r e  repor ted  i n  mol l l -sec  
and i n  parentheses i n  nmol /cm3-day. 
Experiment - R, - x lo9  
I E 1 ,  0-2 24 (1774) 
I E 2 ,  0-3 6.6-1 2 (486-872) 
October 83 4 .0  (294) 
June 84 4 . 2 5  (312)  
August 84 7.5 (551) 
the second experiment there i s  a constant rate of product ion over the 46 days 
o f  the experiment. Table I V . 2  a l so  l i s t s  the values o f  R, repor ted i n  
Chapter 111 from modell ing the observed p r o f i l e s  o f  lCOt  from the f i e l d  
studies. The ra tes  i n  IE2 are more consistent  w i th  these independent r a t e  
estimates. The higher ra tes  observed i n  I E 1  are even more su rp r i s i ng  
considering t h a t  the core was co l lec ted  i n  February, a co ld  month, when 
microbla l  a c t i v i t y  i s  reduced. The incubat ion samples from IE1 were 
maintained a t  a temperature of 15°C fo r  the course of the experiment t o  reduce 
the p o s s i b i l i t y  o f  a temperature a r t i f a c t .  These f ac t s  are evidence t h a t  
i n i t i a l  homogenization o f  the sediments i n  IEl a r t i f i c i a l l y  enhanced microb ia l  
a c t i v i t y .  
Organic carbon ox ida t ion  i s  assumed t o  occur by su l fa te  reduct ion i n  these 
experiments. Dissolved su l f ide  concentrat ions suggest t h a t  su l f a t e  reduct ion 
i s  important i n  both experiments. I n  both experiments d isso lved s u l f i d e  i s  
present i n  the deeper sediment i n te rva ls ,  and, i n  most cases, i t s  
concentrat ion increases over time (Appendix I ) .  I t s  presence i n  surface 
sediments i s  not  detected u n t i l  day 8 i n  IE2 and i s  very low i n  I E l .  I t  i s  
posslble t h a t  there i s  a s ink  f o r  su l f i de ,  such as reduced i r on ,  ava i lab le  I n  
the surface sediment tha t  I s  no longer ava i lab le  i n  the deeper sediments. 
I t  i s  a l so  possib le t o  use the r a t i o  o f  AAlkIACCO2 as evidence f o r  
the occurrence o f  su l fa te  reduct ion.  The s to ich iometr ic  equations l i s t e d  i n  
Table 1.1 can be used t o  ca lcu la te  the r e l a t i v e  changes expected i n  Alk and 
CC02. I t  i s  assumed tha t  organic matter w i th  Redf ie ld sto ichiometry 
(C:N:P = 106:16:1> i s  degraded and t h a t  there i s  no d i sso lu t i on  o r  
p r e c i p i t a t i o n  o f  CaC03. Changing the C:N r a t i o  o f  the organic matter by a 
f ac to r  o f  two does n o t  s i g n i f i c a n t l y  a1 t e r  the p r e d i c t e d  AAl kIACC02. 
However, CaCO, p r e c i p i t a t i o n  o r  d i s s o l u t i o n  cou ld  have a  l a r g e  impact on t h e  
c a l c u l a t e d  r a t i o .  The CaC03 s a t u r a t i o n  index, Q, i s  l l s t e d  i n  Table IV .3  
f o r  each sample. This  va lue has been c a l c u l a t e d  assuming t h a t  t h e  d l  sso l  ved 
Ca concen t ra t i on  remains constant  a t  9.0 mM. I n  most samples a f t e r  t,, a  
gross supe rsa tu ra t i on  i s  ca l cu la ted .  If i t  i s  assumed t h a t  t h e  system i s  i n  
e q u i l i b r i u m  w i t h  c a l c i t e  (K,, = 4.07 x  lo-', I n g l e ,  19751, t h e  expected 
concent ra t ion  of Ca can be ca l cu la ted .  The d i sso l ved  Ca c o n c e n t r a t i o n  was 
measured i n  a few samples and i s  l i s t e d  i n  Table IV.4 a long  w i t h  t h e  
e q u i l i b r i u m  concent ra t ion .  The d i s s o l v e d  Ca does n o t  change i n  these samples 
desp i te  a  gross d i s e q u i l i b r i u m  i n  t he  CaC03 system. 
With these assumptions, AAlk/ACC02 has been c a l c u l a t e d  f o r  f i v e  
ox idan ts  impo r tan t  i n  marine sediments and the  c a l c u l a t e d  r a t i o s  a re  l i s t e d  i n  
Table IV.5. A l s o  l i s t e d  i n  t h i s  t a b l e  a re  t he  r a t i o s  observed i n  the  
incubat ion  experiments. The r e s u l t s  f o r  IE1 suggest t h a t  a combinat ion o f  
processes, such as oxygen and s u l f a t e  reduc t i on ,  i s  o c c u r r i n g .  I t  i s  p o s s i b l e  
t h a t  sample hand1 i n g  in t roduced oxygen t o  the  samples b e f o r e  s t a r t i n g  the  
incubat ion .  The sediments were t r a n s f e r r e d  t o  a beaker p r i o r  to  i n t r o d u c t i o n  
t o  the g love  bag (see Sec t ion  I I . 2 .B .  f o r  sample hand l i ng ) .  Us ing  t he  
ca l cu la ted  values of R, and assuming t h a t  t he  pore waters became sa tu ra ted  
w i t h  02, approx imate ly  50% of the CO, p roduc t i on  i n  the deeper sediments 
cou ld  be t he  r e s u l t  o f  oxygen reduc t i on .  Because of t he  h i g h  r a t e  o f  COz 
produc t ion  i n  t he  sur face  sediments, Oz would be an i n s i g n i f i c a n t  o x i d a n t .  
The r e s u l t s  f o r  IE2 a re  c o n s i s t e n t  w i t h  n i t r a t e  and s u l f a t e  r e d u c t i o n .  
However, based on measured concen t ra t i ons  o f  n i t r a t e  i n  t h e  pore water 
Table  IV.3. Values of !J (CaCO, s a t u r a t i o n  index)  c a l c u l a t e d  f o r  t h e  
incubat ion experiments.  fl i s  t h e  r a t i o  of t h e  i o n  c o n c e n t r a t i o n  p r o d u c t  t o  
the  e q u i l i b r i u m  concent ra t ion  product  (K,,). 
Sampl e Q 
IE1 d aY 
0-2 cm, 0 1.1 
0 2 .7  
1 0 . 3 4  
1 0 .27  
Samp 1 e 
I E 2  day 
0-3 cm 0 
2 
8 
19 
19 
Tab le  I V . 4 .  Measured and c a l c u l a t e d  concentrat lons of d i s s o l v e d  Ca i n  
mmol / l .  In format ion i n  the sample column l i s t s  the experiment,  d e p t h  i n t e r v a l  
of  i n t e r e s t ,  and day i n  t h e  experiment when the sample was c o l l e c t e d .  
Sampl e Ca, measured Ca, c a l c u l a t e d  
I E I  0-2, 1 10.8 
2 10.7 
17-20, 1 9 .75  
undersatd.  
n . d .  
under satd 
undersatd.  
3.25 
1 . 4 5  
S .  6 i  
Table I V . 5 .  Expected changes I n  IIAlkIA1CO2 for  f i v e  d i f f e r e n t  ox idants  
and observed changes f o r  I E l  and I E 2 .  
Oxf  dan t 
0 2 
No 3 
Mn 
Fe 
so. 
0.46 2 0 . 2  (range 0 .16-0 .75,  n = 7 )  
1.17 2 0 . 3  (range 0 .91-1 .97,  n = 9)  
1 .07 2 0.1 (range 0 .91-1 .24,  n = 8) 
(Henrichs, 1980). there i s  no t  enough n i t r a t e  i n  the sediments t o  account f o r  
the amount of COr production observed. The absence o f  d isso lved su l f i de  i n  
the surface sediment samples u n t i l  day 8 suggests t ha t  i f  s u l f a t e  reduc t ion  i s  
occur r ing a s ink f r o  dissolved s u l f i d e  i s  a lso  being produced. The most 
l i k e l y  s ink i s  reduced i ron.  If i t  i s  assumed t ha t  i r o n  reduc t ion  provides a 
quan t i ta t i ve  s ink o f  Fe2+ f o r  d i  ssolved su l f i de  the expected 
AAlkIA~CO, i s  1 .O. This i s  consistent  w i th  the observed r a t i o .  To 
supply the Fez03 used by the react ion,  the sediments must be 0.75% Fe by 
weight; the observed concentrat ion i s  approximately 2.8% (Mar t in ,  1985). This 
ca lcu la t ion  assumes t ha t  the reac t ion  occurs f o r  the e n t i r e  46 days o f  the 
experiment. I t  i s  a l so  possib le t h a t  oxygen was introduced i n t o  the surface 
sediments i n  I E 2  because of the d i f fe rent  sampling method t h a t  was used. 
However, because of the high COz production rate,  i t  could o n l y  be an 
important oxidant  fo r  the f i r s t  2 days (up t o  20% o f  the CO, product ion).  
Thus, i t  i s  l i k e l y  t h a t  su l fa te  i s  a major. bu t  not  the on l y ,  ox idant  i n  I E 2 ,  
and the major oxidant  i n  I E 1  cannot be determined. 
IV.3. Model l ing the F i e l d  Data 
Generally, i t  i s  assumed t h a t  the b13C o f  CC02 i n  pore waters 
can be re la ted  d i r e c t l y  t o  the ox ida t ion  o f  organic carbon i n  the sediments 
(McCorkle, 1985; Section 1.1). I n  the simplest case, the ox i da t i on  o f  organic 
carbon occurs wi thout  f r ac t i ona t i on ,  and the 5I3C o f  the C02 a r i s i n g  
from the ox ida t ion  o f  organic carbon i s  exact ly  the same as the 5 '  3C o f  
SOC. I n  t h i s  case, the model used i n  Chapter 111 t o  descr ibe the ECOz 
p r o f i  l e  can be extended t o  p red i c t  the 6 '  3C-CC02 p r o f i  l e .  
IV.3.A. Diagenetic Model 
The model used t o  describe the depth p ro f i  l e  o f  CCO, was described i n  
d e t a i l  i n  Section I I I . 2 B . l .  I n  the model, i t  i s  assumed t h a t  the major 
processes a f f e c t i n g  the concentrat ion of CCO, i n  the i n t e r s t l  t i a l  waters 
are d i f f u s i o n ,  i r r i g a t i o n ,  product ion o f  CCO, from the ox i da t i on  o f  
organic carbon, and d i sso lu t i on  of CaCO,. To use t h i s  model t o  ca lcu la te  
the p r o f i l e  o f  &"C, the fo l lowing equations must be solved f o r  the 
Ind iv idua l  isotopes, I 3 c  and 12C, e .9 . :  
I i aic/at = ~ , ( a " ~ / a z ' )  - a d < ' C  - 'CO,  + R e  4-1 a  
I I alc /a t  = ~ , ( a " c l a z ~ )  - a n '  - O + ' R c e - F z  4-1 b 
where the superscr ip t  i refers  t o  the carbon atom under 
I t  considerat ion,  i . e .  C o r  13c 
The values f o r  'Co and 'R, can be ca lcu la ted from measured values f o r  
8°C-BW and 6°C-SOC and the d e f i n i t i o n  o f  & I 3 C  (see p .  2 ) .  
' C o  = 'foC0 
I R c  = i f , ,oRc 
where 
i fn = R,/(1 + R n )  
Rn = ( ' 3 C / ' 2 C ) n  3 R r t d ( 1  + 10-3&13Cn) 
R r t d  = -0112372 (Craig,  1957) 
I t  i s  a l so  assumed t h a t  the  d i f f u s i o n  c o e f f i c i e n t s  o f  H ' 3 ~ ~ ;  and
H1*CO; are the same. The ac tua l  d i f ference i s  i nve rse ly  p ropor t iona l  
t o  the r a t i o  o f  the square r o o t  o f  the masses; however, t h i s  i s  small and can 
be ignored. Solut ions t o  these equations are s i m i l a r  t o  those i n  Chapter 111, 
and are i nc luded  i n  Appendix A I I .  The equations were so lved us ing  a 
steady-state assumption. As discussed i n  Sect ion I I I . 2 .B .1 ,  t h i s  assumption 
i s  o n l y  v a l i d  f o r  t he  da ta  f rom the  months o f  October 83, June 84, and August 
84. I t  i s  impor tan t  t o  re-emphasize the f a c t  t h a t  the  model i s  de f i ned  o n l y  
to 20 cm and i s  most l i k e l y  overes t imat ing  i r r i g a t i o n  a t  t h i s  depth. 
Overest imat ing i r r i g a t i o n  a t  20 cm w i l l  f o r ce  the  model t o  more p o s i t i v e  
values o f  &13C a t  depth i n  the  sediment than are observed. 
I n  o rde r  t o  apply  t h i s  model t o  the  data, values o f  6°C-SOC, 
6 '  3C-BW, and 6I3C-CaC03 must be def ined.  The 613C-SOC i n  these 
sediments averages -20.6 2 0.2 o l o o  ( t h i s  s tudy) .  However, 6 '  3C o f  t h e  
organ ic  carbon o x i d i z e d  i n  t h e  sediments may vary  f rom t h e  measured value.  
The model has been solved so t h a t  d i f f e r e n t  values o f  G'~C-SOC can be used 
i n  t he  sur face and deep sediment. The values o f  613C-SOC used i n  t h e  
model c a l c u l a t i o n s  are  1  i s ted  on the  ca l cu la ted  p r o f i  1  es. The average 
6' 3C-BW measure i n  June 84 and August 84 i s  1.3 otoo; t h i s  va lue  w l l l  be 
used f o r  October 83, a lso .  The 8°C-CaC03 averages + I  - 7  o l o o ;  t h i s  
value represents an average o f  t h i r t e e n  measurements determined on i n d i v i d u a l  
s h e l l  fragments p icked f rom the  sediments. The values o f  a l l  the o t h e r  
parameters used are the same as those l i s t e d  i n  Table 111.2. The c a l c u l a t e d  
p r o f i l e s  o f  6 '  3C-CC02 f o r  October 83, June 84, and August 84, the  
months f o r  which a  s teady-state approximation i s  v a l i d ,  a r e  shown i n  F igure  
IV .4  a  t o  c .  For every month, a  va lue o f  6'"-SOC much g r e a t e r  than -20.6 
0100 must be used t o  f i t  the  sur face sediment data ( 6 ' 3 C - ~ ~ ~ 1  i n  F igu re  
I V ) .  The values o f  6 '  'c-SOC used to f i t  the  da ta  range f rom -15.0 t o  -8.0 
0100, and, i n  June 84, even us ing  -8 o loo ,  t he  observed da ta  a re  n o t  
Figure  IV .4 .  The profiles of 6 '  'C-IC02 calculated 
Figure IV.4.a 
Figure  IV.4.b 
Figure IV.4.c 
AUGUST 84 
~13-c -soc1  - -13.00/00 
$13-C-SOC2 - -21.00/00 
s13-c-BW - 1.3 o/oo 
we1 1 - f i t .  I n  the October 83 and June 84 cores. the dissolved Ca p r o f i l e  
suggests d i sso lu t i on  o f  CaCOa, a source of carbon enriched i n  I3c ,  i n  the 
sediments. However, the i sotoplc co r rec t ion  for  d l  sso lu t ion on l y  changes the 
6°C o f  the added 1C02 by less than 1.5 o/oo f o r  both months. This i s  
not  large enough t o  exp la in  the discrepancy between the pred ic ted and observed 
values o f  613C-SOC1. I n  these three months, the measured 
613C-CC02 i s  greater  than t h a t  expected due t o  the unfract ionated 
ox idat ion o f  organic carbon i n  the surface sediments. 
The use o f  d i f f e r e n t  values of &13C-SOC i n  the surface and deep 
sediments suggests t h a t  there are d i f f e ren t  process a f f e c t i n g  the 613C o f  
CCOz i n  surface and deep sediments. The data below 20 cm i nd i ca te  t h a t  
there i s  a source o f  13C-depleted CCOz a t  depth i n  the sediment. As 
discussed i n  Chapter 111, t h i s  i s  most l i k e l y  due t o  the ox ida t ion  o f  CH4 by 
su l fa te  j u s t  above the zone o f  methanogenesis. The ox ida t ion  o f  methane adds 
carbon t ha t  i s  h i gh l y  depleted i n  13C t o  the CCOt pool.  
I n  December 83 and March 85, a steady-state approximation i s  no t  va l i d .  
The value o f  6' 3C,,g, the apparent value of 6 ' " s  o f  COz added due 
t o  the ox idat ion of organic carbon, was ca lcu la ted f o r  these months by 
assuming t ha t  the f l u x  o f  CCO, from pore water t o  bottom water ( J t )  was 
due t o  the add i t i on  o f  inorganic carbon i n  the sediments from the ox idat ion o f  
organic carbon and the d i sso lu t i on  o f  CaCO,, i . e .  
J r  = J o r g  + J C A C O ~  
613CJr = 613CJ,,g + ~ ' ~ C J c A c o s  
The dissolved Ca p r o f i l e  was used t o  est imate the amount of CCOz added due 
t o  the ox ida t ion  of organic carbon. Using the above equations, i t  was 
c a l c u l a t e d  t h a t  6' 3C,,, i s  -12.1 i n  December 83 and -16.0 i n  March 85. 
Again, these va lues a re  much grea te r  t h a t  the  observed va lue  o f  613C-SOC. 
The depth p r o f i  l e s  o f  CCOt a re  descr ibed by a model t h a t  i nc ludes  t h e  
processes of  o x i d a t i o n  o f  o rgan ic  carbon, i r r i g a t i o n ,  and d i f f u s i o n .  However, 
a p p l i c a t i o n  o f  the  same model t o  the 613C of CCO, i n  Buzzards Bay 
sediments i n d i c a t e s  t h a t  t he  CC02 added to the  pore  waters i s  enr iched i n  
I 3 C  over  the o rgan i c  carbon i n  the sediments. I t  t s  p o s s i b l e  t h a t  t h e r e  a re  
a d d i t i o n a l  processes a f f e c t i n g  the  CCOz p r o f i  l e  t h a t  cannot be 
d i s t i ngu i shed  through cons ide ra t i on  o f  the CCOz p r o f i l e  a lone .  The most 
1  i k e l y  exp lana t ions  of the 6 '  3C-lC02 p r o f i l e  are: 
1 )  t he  o rgan i c  carbon o x i d l z e d  i s  n o t  I s o t o p i c a l l y  t h e  same as the  
b u l k  SOC, o r ,  
2)  there  i s  an a d d i t i o n a l  source o f  "C-enriched carbon t o  t h e  pore 
waters,  i . e .  f rom bot tom water or exchange w i t h  CaC03. 
These poss i  b i  1  i t i e s  a re  discussed below. 
IV .4 .  F rac t i ona ted  Ox ida t i on  o f  SOC 
IV.4.A. I ncuba t i on  S tud ies  
I t  i s  poss ib le  t h a t  t he  613C o f  t he  o rgan ic  carbon t h a t  i s  o x i d i z e d  i n  
these sediments i s  a c t u a l l y  d i f f e r e n t  f rom the  b u l k  o rgan i c  carbon. I n  o r d e r  
t o  de f i ne  the 6 '  3C o f  COz a r i s i n g  f rom the  o x i d a t i o n  o f  SOC i n  Buzzards 
Bay sediments, i ncuba t i on  s tud ies  o f  sediment from the  s i t e  o f  the  f i e l d  s tudy 
were conducted. The experiments were c a r r i e d  o u t  i n  o r d e r  t o  observe t h e  
o x i d a t i o n  o f  o rgan ic  carbon i n  a  c o n t r o l l e d  environment, e l i m i n a t i n g  t h e  
compl icat ions o f  d i f f u s i o n ,  i r r i g a t i o n ,  and mix ing .  The S"C o f  t he  
ICO2 added (613Cadd> over  t ime d u r i n g  t h e  i ncuba t i ons  can be 
ca lcu la ted using a mass balance. Use of a mass balance I s  v a l i d  because these 
experiments were ca r r ied  o u t  i n  a closed system. Since there  i s  no 
d i sso lu t i on  o r  p r e c i p i t a t i o n  of CaC03 over the course o f  the experiments 
(Sect ion IV.Z.B.11, I t  I s  assumed t h a t  the value of 6I3Cadd represents 
the average 8°C of the t o t a l  organic carbon t h a t  i s  ox id ized i n  the 
sediments, l .e. 6' 'c,,,. The mass balance equations are: 
ZCOZ, CC02 t a + cCO2 ad, 4-4a 
6"cm~c0zm = 6 " c t o ~ ~ o z ~ o  + 6"cadd~c0zadd 4-40 
I n  Tables IV.6 and 7 the ca lcu la ted values of 6 '  'Cadd are 1 i sted w i t h  
the measured values of CCO, and 6°C-1~0~ used t o  make the 
ca lcu la t ion.  Each value of 6' 'cadd was ca lcu la ted using to as a 
reference po in t .  The r e s u l t s  from both I E l  and IE2 suggest t h a t  the 6°C 
o f  the COZ added from the ox i da t i on  o f  organic carbon i s  more enriched i n  
I3C than the organic carbon i n  the sediments. However, the r e s u l t s  from IEl 
and IE2 are no t  i n  agreement w i t h  each o ther .  I n  I E I ,  i t  i s  ca lcu la ted  t h a t  
the 6' 'C of the COz added i s  more p o s i t i v e  than the 6' 3C of SOC a t  
every depth o f  the sediment and a t  every time po in t ,  whi le i n  IE2, t h i s  
observation i s  v a l i d  on l y  f o r  r esu l t s  from the surface sediment. I t  i s  l i k e l y  
t h a t  these d i f fe rences are r e l a t ed  t o  the d i f f e r e n t  procedures used t o  sample 
the sediments. However, i t  i s  a l so  poss ib le  t h a t  the observed d i f fe rences  are 
r e l a t ed  t o  the f a c t  t h a t  the sediments f o r  I E l  were co l lec ted '  i n  February and 
for  IE2 i n  August. 
The average o f  r esu l t s  from I E l  i nd ica te  t ha t  the 6°C o f  the C02 
added from the ox ida t ion  o f  organic carbon i s  -15.9 r 1.7 o/oo. The r e s u l t s  
from I E 2  ind ica te  t h a t  8"Cadd i s  -20.2 5 1.7 0100. However, i n  I E 2 ,  
Table  I V . 6 .  C a l c u l a t e d  values of 6 1 3 c , d d  fo r  I n c u b a t i o n  Experiment 1 as 
we1 1 as t h e  measured values used t o  make the  c a l c u l a t i o n .  The e r r o r s  were 
propogated through the  c a l c u l a t i o n  using est imated e r r o r s  of 2 6% f o r  
CCOz and 2 8% f o r  6°C-CCO,. 
Time (days) (mM) 
-
Table I V . 7 .  Calculated values of 613Cadd for Incubation Experiment 2 as 
we1 1 as the measured values used t o  make the ca lculat ion.  The e r rors  were 
propogated through the calculat ion using estimated errors o f  t 6% for 
CC02 and 2 8% f o r  613C-ICO2. 
Time (days) la2 
-
46 6 .83  -15.34 
46 6.05 -14.60 
cont. on next page 
Table I V . 7 .  c0nt. 
the r e s u l t s  suggest that ,  i n  the surface sedtments, the b13C o f  the added 
C02 ( 6 I 3 C a d d  = -18.6 t 1.5 0100) i s  heavier than the carbon i n  the 
sediments, whi le,  i n  the deeper sediments, i t  appears t h a t  the 6 '  'C o f  the 
added C02 (-21.8 + 3.0 0100) i s  equal t o  o r  more negative than the 
sediment carbon. This observation i s  consistent  w i t h  the model r esu i  t s  
(Section IV.2.A.l) which suggested t h a t  the 6 '  3C of the added carbon was 
more ' 3C-enriched i n  the surface sediments than i n  the deeper sediments. 
The values o f  6 '  3 C a d d  ca lcu la ted from data from the 0-3 cm i n t e r v a l  
o f  sediments from I E 2  are bel ieved to  represent most accurately the 
f rac t iona t ion  o f  SOC t ha t  would be observed i n  the f i e l d  i n  the zone o f  r a p i d  
remineral i za t ion .  These values are considered the best  because the o ther  data 
col lec ted dur ing t h i s  experiment i nd ica te  tha t  IE2 reproduced f i e l d  cond i t ions 
more accurately than I E 1 .  Add i t i ona l l y ,  i n  the surface i n t e r v a l ,  the r a t e  o f  
microbia l  a c t i v l  t y  i s  great  enough fo r  la rge changes t o  be observed i n  the 
measured species over a  short  per iod o f  time. I t  i s  poss ib le  t h a t  the 46-day 
samples are af fec ted by a  time-dependent a r t i f a c t .  The r a t e  o f  CO, 
production i s  so h igh i n  the surface sediments t ha t ,  i f  su l f a t e  i s  the major 
oxidant ,  over one-half the e x i s t i n g  pool i s  depleted. I t  i s  poss ib le  t ha t  the 
system i s  no longer r e a l l y  r e f l e c t i n g  what occurs i n  the f i e l d .  Then, using 
the data col  1 ec ted be tween 0  and 20 days, the 6 '  " of the C02 added i s 
-17.8 + 1.9 0100. This i s  the value t ha t  w i l l  be used I n  f u r t h e r  
ca lcu la t ions.  I t  i s  recognized t h a t  t h i s  value needs f u r t h e r  documentation 
and may be as high as -15 0100 o r  as low as -19 o loo.  
The value of -17.8 0100 i s  s i g n i f i c a n t l y  greater  (10 )  than the 6' 3C 
o f  the SOC i n  the sediments. The observed f r a c t i o n a t i o n  may be the r e s u l t  o f  
s e l e c t i v e  remi ne ra l  i z a t i o n  a t  a  molecular  l e v e l .  The m i  c roorgan i  sms 
responsible f o r  t he  o x i d a t i o n  o f  SOC may c leave carboxy l  groups s e l e c t i v e l y  
from molecules. Carboxyl carbons a re  known to  be enr iched i n  ' 3C w i t h  
respec t  t o  the  r e s t  o f  t he  molecule (Abelson and Hoering, 1961 1 .  I t  i s  a l s o  
p o s s i b l e  t h a t  carbohydrates, another  r e l a t i v e l y  heavy source of  carbon 
(Degens, 19691, are  degraded p r e f e r e n t i a l l y .  However, t h e  amount of carbon 
t h a t  i s  o x i d i z e d  i n  the  sediments makes It l l k e l y  t h a t  t h e  observed 
f r a c t i o n a t i o n  i s  a  r e s u l t  of t he  mu1 t i p l e  sources o f  carbon to  t h e  sediment 
water i n t e r f a c e  i n  coas ta l  areas. I t  i s  p robab le  t h a t  phy top lank ton  carbon i s  
the  f i r s t  f r a c t i o n  o f  carbon t o  be degraded, and the  remain ing  SOC i s  a  
m ix tu re  o f  phytoplankton,  t e r r e s t r i a l ,  and s a l t  marsh carbon. The c a l c u l a t e d  
va lue o f  6'  3C0,,, -17.8 0100, i s  the same as t h a t  measured on a  p l a n k t o n  
tow sample f rom Buzzards Bay ( t h i s  study, 6'3C,l,,, t o ,  = -17.7 0100). 
The p e r f e c t  agreement i s  most 1  i k e l y  f o r t u i t o u s  s ince  o n l y  one tow was made a t  
one t ime,  y e t ,  t he  va lue  o f  &I3C,,, i s  w i t h i n  the  range o f  va lues  
measured f o r  p lank ton  ( L i  bes, 1983; W i l l  iams and L i n i c k ,  1975). 
I n  t h i s  sec t ion ,  i t  has been shown t h a t  t h e  6 '  3C of  t h e  COz added 
due t o  the  o x i d a t i o n  o f  o rgan i c  carbon i s  most l i k e l y  -17.8 0100. Th is  va lue  
i s  s i g n i f i c a n t l y  enr iched i n  13C over  SOC i n  t h e  sediments (613C = -20.6 
0100). However, t h i s  f r a c t i o n a t i o n  i s  n o t  enough to e x p l a i n  t he  va lue  o f  
b 1  'Cad, c a l c u l a t e d  f rom the  f i e l d  s tudy ( g r e a t e r  than -15 o f o o ) .  
I no rgan i c  processes t h a t  can a f f e c t  t he  va lue o f  &I3Cadd a r e  d iscussed 
i n  the nex t  sec t ions .  
I V . 5 .  D i f f u s i o n  o f  Bottom Water Carbonate I o n  
The enrichment o f  13C i n  CCOz f rom Buzzards Bay pore waters cannot 
be explained completely by the f rac t iona ted  ox ida t ion  of organic carbon. An 
add l t fona l  source o f  I3C-enriched carbon may be carbonate ion  f rom bottom 
water. The d i f f u s i o n  o f  Cog- i o n  from bottom water i s  pred ic ted based on 
the measured values of Alk, CC02, HtS,  and PO,. Using these measured 
values, the so lu t ion  pH as wel l  as the speciat ion o f  1C02 can be 
calculated.  The pH and CO$' concentrat ion f o r  bottom water and the top 
sediment i n t e r va l  are l i s t e d  for  each month i n  fable IV.8. I t  i s  requ i red  
tha t ,  wh i le  there i s  a net  f l u x  o f  1C02 from pore water t o  bottom water, 
there i s  a f l u x  of CO$- from bottom water t o  pore water due t o  the l a rge  
concentrat ion gradient .  Most o f  t h i s  carbonate ion  becomes protonated i n  the 
pore waters a t  pH 6.2-7.7 and some i s  t ransfer red back across the i n t e r f a c e  
whi le some i s  re ta ined i n  the pore waters. This process i s  shown i n  Figure 
E V . 5 .  I t  i s  important t o  r e a l i z e  t ha t  t h i s  exchange could occur across burrow 
walls also. The magnitude of t h l s  proposed f l u x  can be ca lcu la ted i n  two 
ways. I n  both ca lcu la t ions i t  i s  assumed t ha t  the f l u x  o f  a species t o  and 
from bottom water i s  composed o f  the d i f f u s i v e  f l u x  across the sediment water 
i n te r face  ( J d i q )  and the f l u x  due t o  i r r i g a t i o n  ( I ) ,  i . e .  
J t  = J d l f  + I 
where 
J ~ ,  = -+D~AC/AZ I 
I = S;O-k(C, - Co)dz = C~O-+x(C, - C o )  AZ 
During the months when i r r i g a t i o n  i s  unimportant, J t  = J d i f .  
The ca lcu la ted concentrat ion o f  CO:- and t h e  iso top ic  r a t i o  of 
CCOz can be used t o  ca lcu la te  the f l ux  o f  CO:- to  pore waters. The 
use o f  the carbonate ion i s  st ra ight forward whi le  the use o f  613C-CC02 
Table  IV.8.  C a l c u l a t e d  va lues  o f  carbonate i o n  and pH f o r  bottom water  and 
the pore water  i n  t h e  top  sediment i n t e r v a l .  The carbonate i o n  c o n c e n t r a t i o n s  
a r e  reported i n  u n i t s  o f  mol l L .  
Month - COq- x lo6 et! 
October 83 B W 
0- 1 38  
December 83 B W 170 
0-0.5 2 8  
June 84 
August 84 BW 152 
0-0.5 8 
March 85  BW 
0-0.5 5 8 
October 85 BW 144 
Figure I V . 5 .  Representation o f  the diffusion of carbonate species t o  and from 
bottom water. 
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i s  more complicated. A f t e r  ca l cu l a t i ng  the f l u x  fo r  each isotope,  the 
6' 3C o f  J t  can be calculated.  Then a  mass balance simi l a r  to equations 
4- a  and b  can be used t o  ca lcu la te  the amount o f  the t o t a l  f l u x  across the 
sediment water in ter face t o  bottom water, J t ,  t h a t  can be a t t r i b u t e d  to 
recycled bottom water carbonate ion,  Jbw. I n  t h i s  ca l cu l a t l on  i t  i s  assumed 
t h a t  6'"-~0f- 1s. the same as t ha t  o f  CCOZ. The f r ac t i ona t i on  
between COf- and HCO; has never been measured. However, based on 
theore t i ca l  ca lcu la t ions,  the 613C o f  CO:- i s  approximately 1.5 o/oo 
l e s s  than the 6°C o f  HCO; (Deines e t  a l . ,  1974). ~ecause t h i s  
f r ac t i ona t i on  has been ignored, the ca lcu la ted values o f  J b w  are minimum 
values. The ca lcu la t ions  were made twice, f i r s t ,  assuming t h a t  the b13C 
o f  COr produced from the ox i da t i on  o f  organic carbon was the value 
determined from the incubat ion experiments, -17.8 0100, and then, assuming 
t h a t  the ox ida t ion  o f  organic carbon occurred wi thout  f r a c t i o n a t i o n ,  i .e. 
6' 3C o f  COz i s  -20.6 0100. The mass balances necessary t o  make t h i s  
ca l cu l a t i on  are: 
J t  = J c a  + Jorg + Jbw 
13 
b T 3 C 3 t J t  613~c,J,, + 6 CgrgJorg + 6 ' 3 ~ b w ~ b w  
The values ca lcu la ted f o r  Jbw are l i s t e d  i n  Table IV .9 .  This tab le  a l so  
1  i s ts  what percentage o f  the t o t a l  f l u x  across the sediment water i n t e r f ace  
t h i s  value represents, i . e .  (Jb,/Jt)100. The values reported for  June 84 
represent the i r r i g a t i o n  f l u x  ( I )  between 6 and 1 6  cm. Data from the top four  
cm were not  used because the i so top ic  values are much heavier than could be 
obtained i n  t h i s  sediment system by any of the processes described so f a r ,  
1 3  i .e. ~ " C O - ~ .  > 6  Ccaco3, 613Cbw. These data are  
Table IV.9. Values calculated f o r  J, the amount o f  the t o t a l  f l u x  of 
CCOz across the sediment water inter face t ha t  can be a t t r i b u t e d  t o  
recycled bottom water carbonate ion. The f luxes were ca lcu la ted us ing the 
concentrations o f  carbonate ion  and again w i th  the t o t a l  d lssolved 
concentrations o f  ' 3C and I2C. The values i n  parentheses represent the 
values o f  S '  3C o f  C02 produced from the ox idat ion o f  organic carbon 
assumed f o r  the ca lcu la t ion.  The f f  uxes are .reported i n  mol /cmt-sec. 
Month Conc. used 
October 83 CO: - 
I3C (-20.61 
I3C (-17.8) 
December 83 CO: - 
' 3C (-20.6) 
I3C (-17.8) 
June 84 CO: - 
' 3C (-20.6) 
' 3C (-17.8) 
August 84 CO: - 
I3C (-20.6) 
I3C (-17.8) 
March 85 Cog - 
' 3C (-20.6) 
13C (-17.8) 
discussed l a t e r .  
The f l uxes  cal culated from ~ 0 : -  and 'C-CCO, general l y  
agree, although, the best agreement i s  found when a value of -17.8 o/oo i s  
used for  b'3C,,,. The values ca lcu la ted using 6 l 3 c  are  more prec ise  
because the concentrat ions o f  "C and "C are known t o  about 25% whi le  
the concentrations o f  CO:- are known t o  on l y  about i25%. 
I t  i s  probable t h a t  d i f f u s i o n  of bottom water carbonate i o n  t o  the pore 
waters i s  responsible i n  p a r t  for  the i s o t o p i c a l l y  heavy values ca lcu la ted f o r  
s'~C,,, from the f i e l d  data. -14.7 0100. However, i f  t h i s  i s  the on l y  
process t ha t  i s  adding heavy carbon t o  the pore waters, then up t o  30% o f  the 
CCO, f l u x  t o  the bottom water must be recycled bottom water carbonate ion.  
IV.6. I so top ic  Exchange Between CCOz and CaC03 
The p o s s i b i l i t y  fo r  i so top ic  exchange as a second source o f  ' 3C-rich 
1C02 a lso ex i s t s .  Since the 6 '  3~ o f  CaC03 i s  1.7 o too and the 
&13C o f  l C O z  i s  usua l l y  less than 0.0 0100 t h i s  process could enr i ch  
the '3C concentrat ion of CC02. Using a c i d i f i c a t i o n  techniques, the 
amount o f  CaC0, i n  the sediments i s  d i f f i c u l t  t o  ascer ta in  because, except 
f o r  a d i s t i n c t  she l l  layer  a t  about 25  cm, there i s  very l i t t l e  carbonate i n  
the sediments. The amount of CaCO, i n  shel l - f ree sediment i s  estimated t o  
be approxlmately 0.2% by weight, o r  about f i ve  times the CCO, poo l .  In 
these sediments, the 613C of  CCO, i s  about 8 otoo l i g h t e r  than the 
S '  3C o f  CaCO, whi le the equ i l i b r ium f rac t iona t ion  d i c t a tes  a value on ly  
1.3 0100 l i g h t e r .  Whether t h i s  system w i l l  achieve i so top ic  equl ibr ium i n  the 
absence o f a  gas phase and how long t h i s  equ i l i b r ium would take are unknown. 
However, there i s  some evidence t ha t  suggests t h i s  exchange i s  no t  s i g n i f i c a n t  
r e l a t i v e  t o  the  o the r  processes a f f e c t i n g  the  613C of  lCOZ. 
The 6°C o f  fCOz has been measured i n  cores c o l l e c t e d  as p a r t  o f  
the  Deep Sea D r i  11 i ng P r o j e c t  (DSDP) (Claypool e t  a1 . , 1983). The g r a d i e n t s  
i n  6 '  3 C - l ~ O z  and CCOz can be exp la ined  w i t h o u t  cons ide r i ng  
exchange w i t h  CaC03, a phase present  i n  the  core examined. The CCOz i n  
DSDP cores has c e r t a i n l y  been i n  con tac t  w i t h  CaCOs f o r  a much l onge r  p e r i o d  
than the  sediment i n  Buzzards Bay. Fur ther ,  Emrich e t  a l .  (1970) observed no 
i so tope  exchange between a df ssolved HCO; ( 6 '  3C = 4.4 0100) s o l u t i o n  
and sot id-phase CaC03 ( 6 '  " = -9.1 o loo )  i n  a c losed system o v e r  t w e l v e  
days. While n e t  i s o t o p i c  exchange between CCOZ and CaC03 cannot  be 
r u l e d  o u t  e n t i r e l y  as an exp lana t ion ,  e x i s t i n g  evidence deems i t  u n l i k e l y .  
IV.7. June 84 Core 
The 6 I3C  o f  lC02 measured i n  pore water between 0 and 4 cm i n  a 
core c o l l e c t e d  i n  June 84 i s  much g rea te r  than t h a t  observed i n  any o t h e r  
month (see F igures 111.3 and IV .1 ) .  Also, t he  d i sso l ved  i r o n  c o n c e n t r a t i o n  
measured i n  the sediment I n t e r v a l  0.5-1 cm was the h i g h e s t  ever  observed i n  
these sediments (Mar t i n ,  1985). The 2 2 2 ~ n / 2 2 6  Ra da ta  cou ld  o n l y  be 
expla ined by assuming t h a t  i r r i g a t i o n  was constant  t o  20 cm, a l though,  i n  
o t h e r  months, the  da ta  were model led w i t h  an e x p o n e n t i a l l y  decreas ing  te rm 
(Mar t in ,  1985). The bot tom water A l k  i s  g rea te r  than t h a t  measured i n  the  0 
to 0.5 cm sediment i n t e r v a l  u n l i k e  o t h e r  months where A l k  i s  always g r e a t e r  i n  
pore waters than i n  bottom water.  As discussed i n  Chapter 111 and M a r t i n  
(1985). i t  i s  l i k e l y  t h a t  the  o x i d a t i o n  o f  sol id-phase i r o n  s u l f i d e s  i s  
s i g n i f i c a n t  i n  t h i s  core. This  process c rea tes  a s t rong  a c i d  and t h e  e f fec t  
of t h i s  ac id  on t he  carbonate e q u i l i b r i u m  can be used t o  e x p l a i n  t he  i s o t o p i c  
r esu t  t s .  
The pH c a l c u l a t e d  for the  sediment i n t e r v a l  0-0.5 cm i s  6.2 (Table IV.9). 
A t  t h i s  pH, H2COi (where H2COi = H2C03 + C O Z , , ~ ~ ~ )  and 
HCO; a re  the major i no rgan i c  carbon species (F igure  IV.6). Thus, t h e  
f l u x  o f  CCOz from the  sediments t o  bot tom water i n  June 84 con ta ined  a 
s i g n i f i c a n t  amount of H2COi. Using t he  i so tope  equi 1 i br ium cons tan ts  
r e p o r t e d  i n  Deines e t  a l .  (1974) the  f r a c t i o n a t i o n  between H2CO; and 
HCO; i s  approx imate ly  8 o l o o  w i t h  H2CO; enr iched i n  ''c. I t  i s  
poss ib le ,  then, t h a t  d i f f u s i o n  of H2COi from the  sediments 
p r e f e r e n t i a l l y  removes 12c from the  sediments. The t ime r e q u i r e d  to achieve 
the  observed r e s u l t s  i s  d l f f i c u l  t t o  est imate.  However, i f  d i f f u s i o n  o f  
H2CO; i s  coupled w i t h  d i f f us ion  o f  carbonate i o n  f r om bottom wa te r  to  
pore water then the  t ime r e q u i r e d  for i so tope  exchange i s  shortened. Thus, i t  
appears t h a t  t h e  o x i d a t i o n  of so l  id-phase i r o n  s u l f i d e s  i n  c o a s t a l  sediments 
has a pronounced e f f e c t  on pore water chemis t ry .  
I t  i s  p o s s i b l e  t h a t  the  same type of i so tope  exchange a1 so a f f e c t s  the  
da ta  c o l l e c t e d  i n  August 84. The pH of pore waters samples between 0 and 4 cm 
i s  less than 7.0 t h i s  month, a l so .  In Table IV.10, the  va lue c a l c u l a t e d  f o r  
Jbw us ing  613C-CCOz does n o t  agree we l l  w i t h  t h a t  c a l c u l a t e d  u s i n g  
t he  carbonate i o n  concent ra t ion .  I n  a l l  o t h e r  months the  agreement i s  much 
b e t t e r .  Enrichment o f  ' 3C i n  pore water CC02 by the  l oss  o f  
H2CO; cou ld  e x p l a i n  t h i s  discrepancy. 
IV.8. Summary and Conclusions 
I n  summary, t o  e x p l a i n  the  observed p r o f i l e s  o f  b '  3C-lC02 and 
CCOt i n  pore waters o f  Buzzards Bay, i t  has been proposed t h a t :  
Figure  I V . 6 .  A diagram o f  the r e l a t i v e  concent ra t ion  of  carbonate  species as 
a funct ion o f  pH, assuming CCOz = 1.0 mM (adapted from Stumm and Morgan, 
1981 1. 
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1 > The 6' 'C o f  the  C02 added due t o  the  o x i d a t i o n  o f  SOC i s  
approx imate ly  3 o /oo  g rea te r  than the  6' 'C o f  SOC, and 
2) t he re  i s  a  s i g n i f i c a n t  f l u x  o f  carbonate i o n  f rom bot tom water  to  pore 
water,  from 3-272 of t he  t o t a l  f l u x  o f  CC02 across t he  sediment 
water i n t e r f a c e .  
In t he  carbon budget cons t ruc ted  i n  Chapter 111, i t  was cons idered  t h a t  
t he  CCOl added t o  the  pore waters from bot tom water was zero. If t h e  f l u x  
o f  CCO, cons i s t s  of r e c y c l e d  bot tom water carbonate Ion ,  then  t h e  va lue  o f  
the  t o t a l  amount o f  carbon o x i d i z e d  i n  t he  sediments annua l l y  (CC.,, 
Sect ion  111.  . ) must be ad jus ted  t o  r e f l e c t  t h i s .  The c o r r e c t i o n  i n v o l v e s  a 
maximum of  up t o  27% o f  t he  CC02 added o r i g i n a t i n g  f rom bot tom wa te r  and 
i s :  
CC .,., ,, = CC,,(1 - .27) = 65 gC/m2-yr. 
Th is  s tudy i n d i c a t e s  t h a t  the  6' 3C o f  the  carbon o x i d i z e d  i n  these 
sediments i s  n o t  r e p r e s e n t a t i v e  o f  the  6 I3C  o f  the  carbon p resen t  i n  t h e  
sediments. However, i t  i s  c e r t a i n  t h a t  f u r t h e r  work i s  needed on t h i s  
problem. The ac tua l  va lue o f  6 '  'C,,, needs t o  be b e t t e r  subs tan t i a ted .  
More i ncuba t i on  experiments would be one way t o  accompl ish t h i s .  I t  would 
a l s o  be use fu l  t o  i n v e s t i g a t e  the  6 I3C o f  DOC i n  pore waters.  I t  i s  
poss ib le  t h a t  the 6°C o f  DOC w i l l  r e f l e c t  t he  f r a c t i o n a t i o n  d u r i n g  
o x i d a t i o n  proposed here. 
I t  w i  11 a l s o  be impor tan t  to i n v e s t i g a t e  what causes t h i s  f r a c t i o n a t i o n  
and t o  document whether i t  i s  impor tan t  elsewhere i n  the mar ine env i ronment .  
I f  the observed f r a c t i o n a t i o n  i s  due t o  the  complex sources o f  carbon t o  
coas ta l  sediments, then i t  may be unimpor tant  i n  oceanic  sediments.  However, 
if the fractionation i s  due to a molecular process, such as the preferential 
cleavage of carboxyl groups, i t  could be a very important process in oceanic 
sediments. 
Chapter V 
The Sources of Organic Carbon t o  the  Sediments 
o f  Buzzards Bay 
V. 1 I n t r o d u c t i o n  
There a r e  th ree  s i g n i f i c a n t  sources of o rgan ic  carbon t o  coas ta l  systems. 
Carbon f i x e d  du r i ng  photosynthesis  by phytoplankton i s  a source o f  f resh ,  
read i  1 y  metabol i z a b l  e organ ic  mat te r .  Other sources o f  o rgan ic  mat te r  a r e  
t e r r e s t r i a l  carbon, suppl i e d  through r u n - o f f  o r  r i v e r i  ne t r a n s p o r t ,  and 
grasses produced i n  the ex tens ive  s a l t  marshes ad jacent  t o  many coas ta l  waters 
a re  a source o f  organic  mat te r .  Several authors have at tempted t o  determine 
the  r e l a t i v e  supply of these th ree  sources t o  coas ta l  waters and sediments. 
However, t h i  s  has proven d i f f l  cu l  t to determine. 
Whether s a l t  marsh grasses are  a source o f  carbon to coas ta l  sediments i s  
a mat te r  o f  debate. V a l i e l a  e t  a l .  (1982) found t h a t  20% of  the  n e t  annual 
above-ground produc t ion  o f  Great S i  ppewi s s e t t  Marsh was expor ted i n t o  Buzzards 
Bay. Using l i g n i n  analyses, Wilson e t  a1 . (1985) est imated t h a t  up t o  30% of  
the  vascular  p l a n t  deb r i s  i n  Buzzards Bay sediments was from s a l t  marsh 
grasses (Spa r t i na  sp.) and suggested t h a t  the remainder was f rom t h e  ee l  
grass, Zostera marina. I n  a study o f  s tab le  carbon isotopes i n  a Georgia 
coasta l  system, Sherr (1982) decided t h a t  s a l t  marsh carbon was n o t  an 
impor tan t  source o f  carbon to coas ta l  sediments. However, because t h e  range 
of 6' 3C va lues  f o r  t he  source m a t e r i a l s  i s  so l a r g e  and because t h e  
p o s s i b i l i t y  o f  a1 t e r a t i o n  e x i s t s  (Peterson e t  a1 . , 1980), t h e  r e l a t i v e  
c o n t r i b u t i o n  o f  o rgan ic  carbon f rom the  sources 1 i s t e d  above cannot be 
determined unambiguously from s t a b l e  carbon i sotope evidence a lone.  
I n  t h i s  chapter ,  s t a b l e  carbon and n a t u r a l  rad iocarbon i so tope  r a t i o s  w i l l  
be used to  determine t h e  sources of o rgan i c  carbon to  Buzzards Bay sediments. 
A d d i t i o n a l  l y ,  p y r o l y s i  s-GCMS data  w i  11 be used t o  prov ide  f u r t h e r  in fo rmat ion  
on t h e  sources. 
V.2.  6 ' 3 C a n d ~ ' 4 C R e ~ ~ l t ~  
I n  o rde r  t o  assess t h e  p o t e n t i a l  importance of d i f f e r e n t  sources o f  
o rgan i c  carbon t o  Buzzards Bay, n a t u r a l  concent ra t ions  o f  I 3C  and ' "C were 
measured i n  the  sediments o f  the  bay, p l a n t s ,  and s o i l s  i n  t he  sur round ing  
area. Table V . l  shows these da ta  grouped accord ing  t o  t h e i r  l o c a t i o n  - land,  
s a l t  marsh, or bay. The 6 I3C  values o f  t he  sources range from -10 o / o o  to 
-27 o l o o  w h i l e  the sediment has values (-21 z 1 o/oo) i n te rmed ia te  i n  t h i s  
range. The A '  4C va lues range f rom + I00  to -310 0100; a1 1 the  sediment 
o rgan i c  carbon samples a r e  depleted, wh i l e  a l l  the  source samples a re  enr iched 
i n  I4C. L i t e r a t u r e  va lues o f  A"'C and rad iocarbon ages p e r t i n e n t  to 
t h i s  study a r e  l i s t e d  i n  Table V.2 .  The 6 '  3C-SOC measured i n  the core 
taken f o r  14C analyses i s  0.4 t o  1.4 o/oo l e s s  than the  average va lue  
ob ta ined  f o r  6'3C-SOC a t  t he  sampling s i t e .  The rad iocarbon core was 
taken a t  a s i t e  w i t h i n  one k i l o m e t e r  o f  the  a r r a y  o f  buoys which de f i ned  the 
sampling s i t e .  The exac t  s i t e  was n o t  sampled because r a d i o a c t i v e  i so topes  
Table V. 1 . Measured values of 6' 'C and A ' ~ C  ( c  1 s.d. 1 fo r  Buzzards 
Bay sediments and possible sources of organic carbon. 
Samp 1 e 
Sediment 
sfc. floc 
0-6 cm 
13-1 6 
29-32 
61 -64 
102-1 06 
Sediment 
0- 30 
Marl ne 
plankton 
Zos t e ra  
Te r res t r i a l  
soi 1 
Sa l t  marsh 
Spar t i  na 
creek f l o c  
*The A '  4C value f o r  plankton i s  assumed t o  be the same as t h a t  f o r  
Zostera because they should both r e f l e c t  the A ' ~ C  o f  CCO, (Penhale and 
Vace, 1980; Wil l iams and L in i ck ,  1975). 
**The 6°C o f  plankton was determined on mater ia l  co l l ec ted  dur ing a 
plankton tow i n  Buzzards Bay. The mater ia l  was not  completely p lankton ic  as 
zooplankton and resuspended sediment were present i n  the sample. 
Table V.2. L i t e r a t u r e  values of b I 3 C  and A ' ~ C  f o r  var ious carbon 
reservo i rs .  
Sampl e 
zooplankton 
zooplankton 
A' 4C !Q!! 6' ' c  Locat ion Ref. 
(0100) (y rs .  B . P . )  (0100) 
-18 to  -22 Narragansett 2 
Bay 
sewage sl  udge -2980 2 70 -27 
f o s s i l  f u e l  - 1 000 cO 
CO,, 1985 +203 
atmosphere 
lc02, +96 
1984 
coarse SPOM* +227 
f i n e  SPOM +19 
L o n g I s l a n d  1 
Sound 
References: 1 .  Benoit e t  a l .  (1979) 
2. Gearing e t  a l .  (1984) 
3. Levin e t  a l .  (1985) 
4. Craig (1957) 
5. Keel ing e t  a l .  (1985) 
6. Tanaka and Honaghan (1984) 
7. Hedges e t  a l .  (1986) 
Long I s l a n d  1 
Sound 
Heidelberq 3, 5 
Long I s l a n d  6 
Sound 
Amazon 7 
Amazon 7 
'SPOM r e f e r s  t o  suspended p a r t i  cu la te  organic matter.  
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had been released t o  the sediments w i t h i n  the array f o r  o ther  research 
pro jec ts .  The s l t e  ac tua l l y  sampled was i n  the same depth o f  water ( 1 5  m), 
bu t  the sediments were v i s i b l y  sandier than those a t  the usual sampling s i t e .  
However, i t  i s  u n l i k e l y  t ha t  the radiocarbon leve ls  i n  t h i s  core are 
subs tan t ia l l y  d i f f e r e n t  from those a t  the sampling s i t e  slnce the sediments 
were s t i l l  p r i m a r i l y  s i l t y - c l ays .  
The A ' ~ C  measured i n  the sediment decreases from -151 0100 (0  t o  6 cm) 
t o  -313 0100 (102 t o  106 cm) (Figure V .1 ) .  A sedimentation r a te  o f  0.05 cmlyr 
i s  impl ied from t h i s  radiocarbon d i s t r i b u t i o n  (Section V . 4 1 ,  which appears t o  
be minimal ly  a f fec ted  by bomb 14C. The surface sediment f l o c ,  however, has 
a D ' ~ C  value o f  -31 0100 and c l e a r l y  suggests the presence of bomb "'C. 
V.3. Pyrolysis-GCMS Results 
Gas chromatograms obtained from py ro lys i  s-GC o f  the source samples are 
presented i n  Figure V.2a t o  d. Peak i d e n t i f i c a t i o n s  were made by GC mass 
spectrometry. Peak i d e n t i f i c a t i o n s  were made by comparison t o  31,000 spectra 
contained i n  the computer data base reference l i b r a r y ,  no t  by running 
authent ic  standards, and thus the actual i d e n t i f i c a t i o n s  must be considered 
ten ta t i ve .  However, the class o f  compound i d e n t i f i e d ,  e.g. a methoxyphenol, 
i s  more ce r ta in .  The chromatograms shown i n  Figure V.2a t o  d are shown a t  the 
same at tenuat ion ( ~ 1 6 )  f o r  comparison. Ten g o f  each sample were run although 
the %OC o f  each sample was very d i f f e r e n t  ( s a l t  marsh sediment f l o c ,  14%; 
t e r r e s t r i a l ,  4%; sediment, 2%). Because the s a l t  marsh sample was so r i c h  i n  
pyrolyzable organic matter, many o f  the peaks a t  the beginning of the 
chromatogram were o f f  scale. 
Figure V . 1 .  P r o f i l e  of &I4C (0100) with  depth i n  t h e  sediment. 
Figure V. 1 
Figure V . 2 .  Pyrolysis-GC chromatograms of  soil, salt marsh, and sediment 
samples. 
Figure V.2 .a  Salt marsh sediment floc 
Figure  V . 2 . b  Terrestrial soi 1 sample 
Figure  V . Z . C .  Sediment sample, 0-0.5 cm 
Figure V .2 .d .  Sediment sample, 5-6 cm 
V.4. D iscuss ion  
V . 4 . A .  C a l c u l a t i o n  o f  sur face  sediment A' 'C values 
Radiocarbon and s t a b l e  carbon iso tope  da ta  were c o l l e c t e d  i n  o r d e r  to s e t  
l i m i t s  on the  r e l a t i v e  c o n t r i b u t i o n s  o f  t e r r e s t r i a l ,  s a l t  marsh, and marine 
carbon t o  Buzzards Bay sediments. Using the rad iocarbon d a t a  i n  Table V . l ,  i t  
I s  p o s s i b l e  t o  c a l c u l a t e  the  A ' ~ C  of t he  carbon reach ing  t h e  sediment 
water i n t e r f a c e  t h a t  i s  preserved i n  the  sediments. 
The m ix ing  r a t e  i n f o r m a t i o n  ob ta ined  from model l i n g  the  excess 2 '0Pb 
p r o f i l e  (Sec t i on  I I I .2 .B .4 )  can be used t o  c a l c u l a t e  A'*C of  t h e  o rgan i c  
carbon reach ing  the  sediment water i n te r f ace  by ~ d e l l i n g  t he  rad iocarbon da ta  
assuming maximum mixing. A t h ree - l aye r  model (Mar t in ,  unpubl i shed) can be 
used t o  i n t e r p r e t  the rad iocarbon data.  I n  t h i s  model, I t  i s  assumed t h a t  
t h e r e  a re  two mixed zones above a zone a f f e c t e d  by sed imenta t ion  o n l y .  
Sedimentat ion and r a d i o a c t i v e  decay a f f e c t  the  p r o f i l e  th roughout  t h e  sediment 
column. The curve was c a l c u l a t e d  us ing  z b  I ( t h e  boundary between l a y e r s  I 
and 11) = 3 cm, z b ,  = 30 cm, D b I  = 30 x l o - '  cm2/sec, D, = 10 x 
lo - '  cm2/sec. The values of these parameters were based on t h e  
i n fo rma t i on  ob ta ined  f rom model 1  i ng the 2 3 q T h  (Mar t i n ,  1985) and ' lOPb 
data.  The deep 14C data  ( >  30 cm) were used t o  c a l c u l a t e  w (0.05 cmlyr)  
and the  t h r e e  l a y e r  model was used t o  determine t h a t  Co = 11.3 cpmlgdw. I f  
i t  i s  assumed t h a t  t h i s  a c t i v i t y  i s  wel l -mixed over  30 cm, then, u s i n g  the  box 
model descr ibed i n  Bothner e t  a1 . (1  981 ), the  A'  4C of the  carbon reach ing  
the seiment water i n t e r f a c e  i s  -1 10 0100 (L ibby  age* = 960 y r s ) .  The 
1 arge 
L ibby  age i s  de f ined  i n  Chapter 11. 
mixing coe f f i c i en t ,  O , ,  and mixfng depth, zb,  used t o  ob ta in  t h i s  f i t  
ind ica te  t h a t  there i s  extensive mix ing i n  the sediments. This f i t  represents 
the maxlmum amount of mix ing t ha t  might occur i n  the sediments. 
I t  i s  posslb le t ha t  the extensive mtxing Ind icated by excess 234Th and 
" OPb data i s  the r e s u l t  of increased anthropogenic a c t i v i t y  i n  recent  
times. Thus, the pl"C p r o f i l e  a t  depth i n  the sediments may no t  be 
coupled w i t h  the ""Th and " 'Pb p ro f i l e s .  A minimum value o f  hI4c 
can be obtained by assuming t ha t  there i s  no mix ing i n  the sediments and 
ext rapo la t ing a  leas t  squares f i t  of the A ' " C  data between 29 and 106 cm 
t o  the surface (Figure V . 1 ) .  The data above 29 cm are no t  used i n  t h f s  f i t  
because they may have been a f fec ted by recent events discussed below. The 
value of 0 ' " C  ca lcu la ted for  the surface sediment i s  -130 0100 (Libby age 
= 1120 y r s ) .  
The ca lcu la ted minimum and maximum values o f  0 ' " C  a t  the surface (-110 
and -130 o/oo) are close t o  each o ther ,  but  d i f f e r  from the values ac tua l l y  
measured a t  the surface of the sediment. This i s  most l i k e l y  because the 
measured values a t  the surface r e f l e c t  events o f  the past century whi le the 
calculated values are based on data unaffected by recent events. The A'"C 
observed a t  the surface i s  the r e s u l t  o f  a complex set o f  events a f f ec t i ng  the 
a c t i v i t y  o f  atmospheric COz and organic carbon suppl i ed  t o  the marine 
environment over the past century. With the s t a r t  o f  the I n d u s t r i a l  
Revolution, COz and organic carbon w i t h  no ' 4C were added t o  the 
environment as the r e s u l t  o f  the combustion o f  f oss i  1 carbon. I n  the l a t e  
1950's and e a r l y  19601s, thermonuclear weapons t es t i ng  added s i gn i f i can t  
quan t i t i es  o f  14C02 t o  the atmosphere. The Buzzards Bay samples o f  the 
surface f l o c  a n d  and o f  the  sediment i n t e r v a l  between 0 and 6 cm may show t h e  
i n f l u e n c e  o f  f o s s i  1 and bomb carbon. 
The surface sediment f l o c  1 5  thought t o  be r e p r e s e n t a t l v e  o f  t he  e a s i l y  
resuspended m a t e r i a l  and f resh o rgan i c  carbon deposi ted i n  the  sediments. The 
~ ' ~ C v a l u e o f  -31 o l o o  i s  s i g n i f i c a n t l y  enr iched i n  14C i n  comparison t o  
t he  sediment d a t a  and depleted i n  comparison t o  the source data.  Because t h e  
sample con ta ins  unknown amounts o f  resuspended sediment and the  A ' ~ C  of  
t he  e a s i l y  resuspended ma te r i a l  i s  n o t  known, i t  i s  d i f f i c u l t  t o  es t imate  t h e  
t r u e  a14C o f  t h e  new ma te r i a l  a r r i v i n g  a t  the  sediment water  i n t e r f a c e .  
However, the  AI4C o f  t he  sample i n d i c a t e s  t h a t  there  i s  a s i g n i f i c a n t  
source o f  r e c e n t  carbon t o  the sediment water i n te r f ace .  
The c a l c u l a t e d  range o f  surface 0 I4C  values (-110 t o  -1 30 oleo) should 
represent  the  A ' ~ C  o f  t h a t  p o r t i o n  o f  t he  carbon a r r i v i n g  a t  t h e  sediment 
water i n t e r f a c e  which i s  preserved i n  the  sediments. The carbon t h a t  a c t u a l l y  
a r r i v e s  a t  t he  i n t e r f a c e  cons i s t s  o f  carbon t h a t  w i l l  be p reserved  and carbon 
t h a t  w i l l  be o x i d i z e d  i n  the sediments. The range o f  va lues  i s  t h a t  which 
would be expected p r i o r  t o  t he  i n t r o d u c t i o n  o f  f o s s i l  and bomb carbon t o  the  
environment. The L ibby  age between 960 and 1120 years B.P. i s  s i g n i f i c a n t l y  
younger than t h e  ex t rapo la ted  age o f  2320 years repo r ted  for Long I s l a n d  Sound 
sediments (Beno i t  e t  a l .  1979). Since the sedimentat ion r a t e s  a re  s i m i l a r ,  
t h i s  suggests t h a t  e i t h e r  the r e l a t i v e  supp l ies  o f  t e r r e s t r i a l ,  s a l t  marsh, 
and p l a n k t o n i c  carbon a re  d i f f e r e n t  o r  t h a t  the  ' 4C ages o f  t he  carbon 
sources a re  d i f f e r e n t  i n  Long I s l a n d  Sound than i n  Buzzards Bay. 
V.4.B. L i m i t s  on R e l a t i v e  C o n t r i b u t i o n  o f  D i f f e r e n t  Sources 
By combining 6' 3C w i t h  D ' ~ C  data, i t  1s p o s s i b l e  to  s e t  some 
limits o n  the relative amounts of terrestrial, salt marsh, and planktonic 
carbon preserved In the sediments of Buzzards Bay and o n  the I4C signature 
of the carbon coming from salt marsh and terrestrial sources. The average 
613C-SOC (-21.5 0100) and AI4C (-120 0100) values for the core used 
for radiocarbon data reflect the combined 6 I 3 C  and A ' ~ C  values of the 
sources. The simultaneous solution of three mass balances can be used t o  
evaluate the relative inportance of the three sources. The mass balances are: 
f, + ft + f,, = 1.0 
6I3CC,,d = fP6' 3Cp + ft6' 3Ct + ~,,G'~C,, 
d14C,,d = + ftA14Ct + f s m ~ ' ~ C s m  
where the subscripts sed, p, t, and sm refer to sediment carbon, 
planktonic carbon, terrestrial carbon. and salt marsh carbon, respectively. 
Ideally, the only unknowns in this equatlon are the relative proportions o f  
planktonic, terrestrial, and salt marsh materials. 
It is possible t o  assign 6'" values t o  a1 I the carbon pools and 
A'~C values to a1 1 but the terrestrial carbon. The isotope values are 
based on measurements made in this study. A 4' 3 C  value o f  -27 0 1 0 0  was 
used as the terrestrial end member, -12 0 1 0 0  as the salt marsh value, and -19 
0100 as the plankton value. For the purposes o f  thrs discussion, the 
contribution of Zostera (6°C = -10 o/oo> t o  marine organic carbon wi 1 1  
not be considered. If Zostera is an important source o f  carbon t o  the 
sediments, the effect o f  this assumption will be t o  decrease the calculated 
amount o f  terrestrial carbon added to the sediments, i . e .  the calculated f, 
is a minimum value. The 6' 3 C  o f  Spartina is used t o  represent the organic 
carbon that enters the bay from salt marshes. 
A va lue o f  0 0100 I s  used for the  AI4C of Spar t ina ,  based on t h e  f a c t  
t h a t  Spa r t i na  c o l l e c t e d  i n  t h i s  study r e f l e c t s  the  A' 4C o f  t he  atmosphere 
(Table V . 1 ) .  A va lue o f  -50 0100 i s  assumed fo r  p lank ton ,  s i nce  t h a t  i s  t h e  
va lue o f  pre-bomb, preanthropogenic A ' ~ C  of  seawater CCOz ( D r u f f e l  and 
L i n i c k ,  1978; Wi l l i ams and L i n i c k ,  19751. This  va lue i s  lower  than  t h a t  i n  
the atmosphere (0 o/oo> due ma in ly  t o  communication o f  sur face  waters w i t h  
' 4C dep le ted  subsurface waters (Broecker , 1980; D r u f f e l  and Suess , 1983). 
Agaf n, t he  c o n t r i  bu t t on  of carbon from zos te ra  t s n o t  considered.  However, 
t he  A"C o f  zos te ra  and p lank ton  should be the  same because t h e y  bo th  use 
carbon f rom seawater. 
The o n l y  va lue  which cannot be we l l -cons t ra ined  i s  t h e  AI4C o f  
t e r r e s t r i a l  carbon. However, because the  AI4C o f  t h e  carbon a r r i v i n g  a t  
the sediment water i n t e r f a c e  i s  -120 o loo ,  the t e r r e s t r i a l  carbon must be 
dep le ted  i n  I4c, i .e. very  o l d .  This i s  c o n s i s t e n t  w i t h  s t u d i e s  i n  Europe 
and Canada (Scharpenseel e t  a l . ,  1969; Campbell e t  a l . .  1967) which have shown 
t h a t  s o i l  o rgan i c  carbon i s  o l d .  The t e r r e s t r i a l  sample c o l l e c t e d  i n  t h i s  
study (Table V . 1 )  conta ined a s i g n i f i c a n t  amount o f  bomb-produced 'C and i s  
n o t  r e p r e s e n t a t i v e  o f  pre-bomb s o i l  o rgan i c  mat te r .  A r ecen t  s tudy  of 
p a r t i c u l a t e  and d i sso l ved  o rgan i c  ma t te r  i n  the Amazon R i v e r  (Hedges e t  a l . ,  
1986) showed t h a t  the f i n e  p a r t i c u l a t e  o rgan i c  ma t te r  (AI4C = 19 0100) was 
s i g n i f i c a n t l y  depleted i n  ' 4C compared t o  the  coarse p a r t i c u l a t e  o rgan i c  
ma t te r  (A '  4C = 227 o / o o l  and d i sso l ved  humics ( A '  'C = 270 o/oo1. 
This  obse rva t i on  supports the  idea t h a t  some f r a c t i o n  o f  the  o rgan i c  carbon i n  
so l  1  s  may be o l d ,  and t h a t  t h i s  f r a c t i o n  o f  the o rgan i c  carbon may be 
assoc ia ted  w i t h  f i ne -g ra ined  p a r t i c l e s .  The 14c dep le ted  carbon reach ing  
the sediments o f  Buzzards Bay (4' 4C = -120 0100) i s  due most 1 i k e l y  to  the  
t ranspor t  o f  f ine-grained mater ia l  f rom t e r r e s t r i a l  s o i l s .  
The above equations were solved three t i m e s ,  each time assuming a 
d i f fe rent  value o f  A ' ~ C  f o r  t e r r e s t r i a l  carbon. The resu l t s  o f  the mass 
balance are shown i n  Table V.3. This tab le  shows t ha t  0 t o  70% of the carbon 
i s  p lanktonic,  30 t o  60% t e r r e s t r i a l ,  and 0 t o  40 % s a l t  marsh derived. The 
Libby age o f  the t e r r e s t r i a l  carbon must be between 1690 and 2530 years o ld .  
I t  should be noted t ha t  these resu l t s  have been calculated using the 
&I3C-SOC from the core co l  lec ted f o r  radiocarbon data. As mentioned 
above, the S'~C-SOC (-21.5 0100) o f  t h i s  core i s  approximately 1 o l oo  l ess  
than the &I 'C-SOC o f  the sediment from the sampling s i t e  (-20.6 o loo)  . 
This s h i f t  suggests t h a t  the inf luence o f  t e r r e s t r i a l  carbon i s  greater  i n  the 
core f o r  radiocarbon analysi  s. 
V.4.C. Organic Geochemical Evidence f o r  Allochthonous Sources 
I t  i s  important t o  note t ha t  the r e s u l t s  of the mass balance ca lcu la t ions  
f o r  "C and 14C 1 i s t ed  i n  Table V.3 are e n t i r e l y  dependent on the choice 
o f  end member &I 'C and 4I4C values. Thus, add i t i ona l  evidence for  the 
input  o f  t e r r e s t r i a l  o r  s a l t  marsh carbon was sought. The chromatograms from 
py ro lys is  analysis shown i n  Figures V.l  a t o  d show tha t  there are dramatic 
d i f ferences between the chromatograms o f  the sediments and those o f  the s a l t  
marsh and t e r r e s t r i a l  samples. I n  the sediment samples the most obvious 
feature I n  the high molecular weight end o f  the chromatogram i s  a ser ies  o f  
alkenelalkane doublets. These doublets are most pronounced between the carbon 
numbers 14 t o  16.  Whelan e t  a l .  (1983) have shown t ha t  t h i s  i s  an important 
feature i n  chromatograms o f  pyrolyzed phytoplankton. Nh i le  there appears t o  
Table  V . 3 .  
t e r r e s t r i a l  
values of A 
assumed f o r  
The r e l a t i v e  c o n t r i b u t i o n s  of pre-bomb p lankton ,  s a l t  marsh, and 
carbon t o  sediment preserved i n  Buzzards Bay assumlng d i f f e r e n t  
14Ct. The values i n  parentheses i n d i c a t e  t h e  613C 
t h e  source m a t e r i a l  i n  o /oo.  
be a homologous series o f  alkenelalkane peaks i n  the t e r r e s t r i a l  and s a l t  
marsh samples, the doublets extend t o  a much higher carbon number than 16. 
S i  monei t ( 1961 observed a greater  predominance o f .  lower carbon number 
compounds i n  marine p lants  than i n  land p lants .  
Another important d i f fe rence  between the sediment and t e r r e s t r i a l / s a l t  
marsh chromatograms i s  the presence of methoxyphenol s. Based on comparison 
w i t h  reference spectra, v a n i l l i c  ac id  i s  present i n  the s a l t  marsh sample and 
acetovan i l lon  i s  present i n  the t e r r e s t r i a l  sample. The s t ruc tures o f  these 
compounds are shown I n  Figure V.3.  The presence of methoxyphenols i n  
py ro lys i s  products i s  be1 ieved t o  be spec i f i c  t o  1 i gn i n  (Wilson e t  a l . ,  1983); 
1 i gn i n  i s  a substance produced on ly  by vascular p lants .  Many t e r r e s t r i a l  
p lants ,  Spartina, and Zostera are vascular p lants ,  a 1  though 1 ign ins  a re  absent 
from Zostera (Wilson e t  a l . ,  1985). No methoxyphenols were evident  i n  the 
chromatograms o f  Buzzards Bay sediments. The absence o f  t h i s  product suggests 
t h a t  f resh  vascular p l an t  mater ia l  from Spart ina o r  t e r r e s t r i a l  p lan ts  i s  not  
present i n  Buzzards Bay sediments. This conclusion i s  cons is tent  w i t h  t h a t  o f  
Wilson e t  a l .  (1985) from a study of l i g n i n  ox ida t ion  products i n  Buzzards Bay 
sediments. They concluded t ha t  on ly  5 t o  7% o f  the organic carbon i n  the top 
10 cm o r ig ina ted  from vascular p l an t  remains. 
Thus, the carbon isotope resu l t s  are not  i n  complete agreement w i t h  the 
py ro lys i s  and l i g n i n  ox ida t ion  r esu l t s .  However, i t  i s  poss ib le  t ha t  the 
organic geochemical techniques used t o  i den t i f y  1 and materi a1 i n  Buzzards Bay 
sediments are inappropr iate due t o  the nature o f  the t e r r e s t r i a l  o r  s a l t  marsh 
organic matter i n  the sediments. A s  mentioned above, i t  i s  l i k e l y  t h a t  the 
o l d  mater ia l  preserved i n  Buzzards Bay sediments i s  t e r r e s t r i a l  carbon t ha t  
Figure  V.3.  The s t ruc tures  of vani  11 i c  a c i d  and acetovani  1 lon. 
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was t ransported on f i ne-grai ned mater ia l  and has been extens ive ly  degraded i n  
the so i l s .  The aerobic degradation o f  l i g n i n  r esu l t s  i n  a loss o f  
methoxyphenols, and, thus, the spec i f ic  t e r r e s t r i a l  biomarkers f o r  both  CuO 
ox ida t ion  and py ro lys i s .  E r t e l  and Hedges (1984) have shown t h a t  l i g n i n  i n  
soi 1 can be modi f ied beyond recogni t ion  by CuO oxidat ion,  presumably f rom 
reac t ion  w i t h  oxygen. Studies o f  f a t t y  acids (Farr ington e t  a l . ,  1977) and 
po l ycyc l i c  aromatic hydrocarbons (Hi tes  e t  a l . ,  1977) i n  Buzzards Bay 
sediments ind ica te  t h a t  there i s  t ranspor t  o f  mater ia l  from land t o  the 
sediments, but  do not  provide a means o f  quant i fy ing the allochthonous i npu t .  
The most compell ing evidence t h a t  there i s  a s i g n i f i c a n t  source o f  carbon 
o ther  than marine t o  the sediments i s  the A '  4C data. Based on a knowledge 
o f  the mix ing i n  these sediments and considering the pre-bomb, p re - I ndus t r i a l  
Revolut ion data, there i s  not  enough mixing i n  the deep sediments t o  main ta in  
the age o f  the sediments, unless there i s  a source o f  carbon t h a t  i s  
s i g n i f i c a n t l y  depleted i n  ' 4 C  (i .e. very o l d )  t o  the sediments. Thus, based 
p r i m a r i l y  on the i so top ic  evidence, i t  appears t h a t  there i s  a s i g n i f i c a n t  
con t r ibu t ion  o f  allochthonous carbon t o  Buzzards Bay sediments. Evidence from 
the py ro lys i s  o f  sediments suggests t ha t  the con t r ibu t ion  o f  nan-marine carbon 
i s  small, and, thus, t h a t  the actual value o f  f,, the r e l a t i v e  con t r i bu t i on  
o f  pre-bomb plankton t o  the sediments i s  0.67 (Table V . 3 ) .  Thus, almost a l l  
o f  the non-marine carbon suppl ied t o  these sediments i s  t e r r e s t r i a l  and very 
o l d  (hl4C = -270 0100, Libby age = 2530 y r s ) .  
Chapter V I  
SUMMARY AND CONCLUSIONS 
I n  t h i s  thes is ,  Buzzards Bay, a shallow Massachusetts coastal  area was 
studied. The sediments i n  t h i s  bay are organic-r ich,  s i  1 t y -c lay  sediments 
which become anoxic j u s t  below the surface. The concentrat ion and s tab le  
carbon iso top ic  composition of l C O t  i n  pore water were inves t iga ted  as 
ind ica to rs  o f  the seasonal r a t e  o f  ox ida t ion  o f  organic carbon i n  coastal  
sediments. This study has shown t ha t  seasonal f l u c tua t i ons  i n  the observed 
p r o f i l e  of pore water CC02 are d i r e c t l y  re la ted  t o  seasonal changes i n  the 
remineral i z a t i o n  r a t e  o f  organic carbon and the extent  of i r r i g a t i o n  i n  
nearshore sediments. The study o f  the i so top ic  data ind ica tes  t h a t  the 
ox ida t ion  of organic carbon i s  not the on ly  important process a f f e c t i n g  the 
aHc-lco, . 
VI. 1.  Remineral i z a t i o n  o f  Organic Carbon 
Pore water p r o f i l e s  o f  ZC02 and s '~C-CCO~ respond d i r e c t l y  t o  
the ox idat ion o f  organic carbon t o  COz. However, the concentrat ions o f  
CC02 and l l ' C O z  have not  been used t o  estimate remineral i z a t i o n  
ra tes  o f  organic carbon i n  sediments before. By mathematically model l ing the 
CCO, depth p r o f i l e ,  i t  was estimated t ha t  67-85 gC/mZ are ox id i zed  i n  
the sediments annual ly and 5 gClm2-yr are buried. The t o t a l  amount o f  
organ ic  carbon t h a t  can be accounted for I n  t he  sediments, i .e. t he  amount 
o x i d i z e d  p lus  t h e  amount bu r i ed ,  was compared to the  amount of p r lmary  
p r o d u c t i v i t y  i n  Buzzards 8ay repo r ted  by Roman and Tenore (1974). If t h e i r  
es t imate  i s  c o r r e c t ,  90% of t h e  annual p r lmary  p r o d u c t i v i t y  i s  reminera l  i zed 
i n  the  sediments. However, t he  study s i t e  was an area o f  f i n e - g r a i n e d  
sediment, w h i l e  Buzzards Bay has d i s t i n c t  reg ions  of sandy sediments as w e l l  
as f i ne -g ra ined  sediments. The r e m i n e r a l i z a t i o n  of o rgan ic  carbon i s  p robab ly  
i n s i g n i f i c a n t  i n  sandy sediments. Then, the  sediments carbon accounted f o r  i n  
t h i s  budget i s  40% of the pr imary  p r o d u c t i v i t y .  Recent es t imates  show t h a t  
p r o d u c t i v i t y  can be as much as two times prev ious est imates by o l d e r  
techniques. I f  t h e  repor ted  pr imary p r o d u c t i v i t y  were low by a f a c t o r  of two, 
then o n l y  20% o f  t he  annual p r imary  p r o d u c t i v i t y  would reach t h e  sediments. 
The limitations o f  t h i s  es t imate  are the  l a c k  o f  knowledge about t h e  s p a t i a l  
v a r i a b i  1 i t y  o f  remi nera l  i z a t i o n  r a t e s  i n  Buzzards Bay and the  u n c e r t a i n t i e s  i n  
the pr imary  p roduc t ion  measurement. The seasonal, r a t h e r  than t h e  s p a t i a l ,  
v a r i a b i l i t y  i n  o x i d a t i o n  r a t e s  was i n v e s t i g a t e d  i n  t h i s  s tudy  because temporal 
changes are  an important  f a c t o r  i n  understanding the annual r e m i n e r a l i z a t i o n  
o f  o rgan i c  carbon i n  coas ta l  sediments. 
I n  t he  warmer months o f  t h e  year when most o f  t h e  annual r e m i n e r a l i z a t i o n  
occurs i n  the  sediments, t h e  CCOz p r o f i l e  was descr ibed we1 1 by a 
steady-state model. The model inc luded i r r i g a t i o n ,  d i f f u s i o n ,  and t h e  
o x i d a t i o n  o f  o rgan ic  carbon to  C02 as the  impor tan t  processes a f f e c t i n g  
CC02. The o x i d a t i o n  o f  o rgan ic  carbon was descr ibed by a C02 p r o d u c t i o n  
term (R,) t h a t  was assumed t o  be constant  t o  about 7 cm depth i n  t he  
sediment column and t o  decrease exponent ia l  l y  below t h i s .  Imp1 i c i  t 
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assumptions about t h i s  CO, product ion term were t h a t  the  r a t e  o f  o x i d a t i o n  
i s  r e l a t e d  t o  the q u a l i t y  o f  organic matter  a v a i l a b l e  t o  the  organisms i n  the  
sediments, ra the r  than t o  the concentrat ion o f  the e lec t ron  acceptor being 
used, and t h a t  the surface sediments are we l l  enough mixed f o r  h i g h  q u a l i t y  
organic matter t o  be ava i lab le  throughout the surface 0-7 cm. 
The values o f  R. ca lcu la ted from t h i s  model f o r  the surface sediment 
range from a low of 4.0 x mol l l -sec (294 nmollcm3-day) i n  October 83 
t o  a h igh o f  7.5 x l o - '  mol JL-sec (551 nmol /cm3-day) i n  August 84. Values 
o f  R, a t  10 and 20 cm are 3-13% and 0.1-22 of the surface reminera l i za t ion  
ra tes ,  respect ive ly .  I t  was found t h a t  the model-predicted value o f  R, was 
dependent on the value chosen for  the i r r i g a t i o n  parameter, a; i f  the  
i r r l g a t f o n  parameter i s  known t o  +20%, then the reminera l i za t ion  r a t e s  are 
known t o  t h i s  c e r t a i n t y  a lso.  This dependence emphasizes the importance o f  a 
knowledge o f  the mechanisms and magnitude o f  pore water t ranspor t  i n  a 
nearshore environment when model l ing pore water p r o f i l e s .  A t  t h i s  study s i t e  
the enhanced t ranspor t  o f  solutes had been wel l -character ized w i t h  2 2 2 ~ n  
(Mart in,  1985). 
During colder months, the pore water p r o f i l e s  were not  a t  steady-state 
concentrat ions. I n  these months, the r a t e  of reminera l i za t ion  was slow and i n  
two months, an event such as storm-induced i r r i g a t i o n ,  had reduced pore water 
concentrat ions t o  near bottom water values. I t  was possib le t o  ca lcu la te  a 
C02 product ion term f o r  o n l y  one o f  these months (December 83). The value 
o f  R, was 0.6 x l o - '  mol/L-sec (45 nmollcm3-day), s i g n i f i c a n t l y  lower 
than those ca lcu la ted i n  the summer months. 
The model-calculated values o f  R, are o f  the same order as s u l f a t e  
reduc t i on  r a t e s  measured i n  nearshore sediments (Howarth, 1984; Westr ich, 
1985; and o t h e r s ) .  This  i n d i c a t e s  t h a t  the measured s u l f a t e  r e d u c t i o n  r a t e s  
a re  p r o v i d i n g  an accurate es t imate  of the  reminera l  i z a t i o n  o c c u r r i n g  i n  
coas ta l  sediments. The d isc repanc ies  between R c  and su l f a te  reduc t i on  r a t e s  
a re  p robab ly  due to s p a t i a l  he terogene i ty  i n  the sediments and to t h e  f a c t  
t h a t  t he  " ~ 0 4  technique o n l y  measures the  importance o f  one e l e c t r o n  
acceptor w h i l e  R, responds t o  a  s u i t e  o f  e l e c t r o n  acceptors.  Because t h e  
values o f  R, ca l cu la ted  i n  t h i s  study represent  an average over a  l a r g e r  
area of sediment than the  su l f a te  reduc t i on  r a t e s ,  R, i s  a b e t t e r  i n d i c a t o r  
o f  the ac tua l  r e m i n e r a l i z a t i o n  o c c u r r i n g  a t  a  g iven  s i t e .  
I n  a d d i t i o n  t o  the  s o l u t i o n  model, an independent sol id-phase model was 
developed t o  prov ide an es t imate  o f  the amount o f  carbon o x i d i z e d  i n  t h e  
sediments. I n  t h i s  model, the  p r o f i l e  o f  metabo l i zab le  o rgan ic  carbon was 
expla ined by b i o t u r b a t i o n a l  m i  x i  ng and o x i d a t i o n  o f  o rgan i c  carbon. 
Sol id-phase mix ing  r a t e s  a t  t h i s  s i t e  have been cha rac te r i zed  w i t h  Z 3 4 T h  
(Mart in ,  1985), " O P b  (Brownawell, 1986; t h i s  s tudy) ,  and 14C ( t h i s  
study).  I n  general ,  the  o x l d a t l o n  r a t e  i n  the  sur face sediments was found t o  
be much g rea te r  i n  t he  summer months o f  June and August than i n  t h e  o t h e r  
months s tud ied .  This i s  i n  agreement w i t h  t he  r e s u l t s  from the  s o l u t i o n  
model. However, the  amount o f  carbon o x i d i z e d  i n  the  sediments c a l c u l a t e d  f o r  
each month us ing  the  sol id-phase model d i f f e r e d  unsys tema t i ca l l y  f r om t h a t  
ca l cu la ted  w i t h  the s o l u t i o n  model by as much as a  f a c t o r  o f  f i v e .  The 
s o l u t i o n  model r e s u l t s  a re  more accurate because the d i sso l ved  phase more 
r a p i d l y  r e f l e c t s  the temporal changes observed i n  a  coas ta l  environment.  A 
study o f  the  approach to  steady-state showed t h a t  the  solut ion-phase d a t a  
s t a r t  t o  approximate t he  s teady-state p r o f i l e ,  even g i v e n  a d r a s t i c  i n i t i a l  
c o n d i t i o n ,  a f t e r  2-4 weeks. The s lower  m ix ing  r a t e s  of so l id-phase species 
I n d i c a t e  t h a t  t he  approach t o  s teady-state w i l l  take months. Thus, i n  
environments which change seasonal l y  and respond t o  s p e c i f i c  events  (e.g. 
storms), i t  i s  e s s e n t i a l  to cons ider  t he  s o l u t i o n  phase as w e l l  as sol id-phase 
da ta  i n  cons ide r i ng  sediment c y c l i n g  o f  carbon. 
Thus, t h i s  s tudy has shown t h a t  accurate r e m i n e r a l i z a t i o n  r a t e s  can be 
c a l c u l a t e d  from the  seasonal p r o f i l e s  of 1C02 i n  i r r i g a t e d  sediments. An 
accurate d e s c r i p t i o n  of t he  CC02 depth p r o f i l e  i n  t he  sediments was 
essen t i a l  f o r  t he  i n t e r p r e t a t i o n  o f  the  p r o f i l e  o f  6"C-ZCO2. 
V I  .2. Sources o f  Carbon to Pore Water lC02 
The i s o t o p i c  s i gna tu re  of CC02 was used as an i n d i c a t o r  o f  t h e  
processes a f f e c t i n g  CCOz i n  pore waters.  Dur ing  every month s tud ied ,  the  
o x i d a t i o n  o f  o rgan i c  carbon t o  COz prov ided  a s i g n i f i c a n t  amount o f  carbon 
t o  the CCO, poo l .  However, i n  every month, the  6 '  3C o f  lCOz added 
t o  the  pore water i n  t h e  surface sediments was enr iched i n  I 3 C  w i t h  respec t  
t o  the  6 '  3C o f  SOC. Using the  s teady-state s o l u t i o n  model used to 
descr ibe  the CC02 data,  t he  613C of lCOz added t o  t he  pore water 
i n  the  sur face  sediments had t o  be g rea te r  than -15 0100. This  va lue i s  
s i g n i f i c a n t l y  g rea te r  than the  3C o f  SOC (-20.6 o /oo) .  I n  most months, 
t he  6 I3C  o f  CCOz added t o  t he  pore water i n  the  sediments deeper than 
7 cm was between -20 and -21 o/oo. This  suggests t h a t  e i t h e r  t he  6 '  3C o f  
COz produced f rom the  o x i d a t i o n  o f  o rgan ic  carbon i s d i f f e r e n t  f rom the 
6 I3C o f  o rgan i c  carbon i n  the  sur face  sediments o r  t h a t  t h e r e  i s  an 
a d d i t i o n a l  source o f  "C-enriched carbon to the  pore waters .  
The d i sso lu t i on  o f  CaCOs (6°C = 1.7 0100) i s  one poss ib le  source of 
13C-enri ched carbon t o  the pore waters. Dissolved Ca p r o f  i 1 es ind ica ted  
t ha t  there was s i gn i f i can t  df sso lu t ion of CaC03 i n  nearshore sediments 
dur ing the spr ing months. I n  June 84 and March 85, d issolved Ca 
concentrat ions were increased over bottom water concentrat ion by as much as 
20%. The springt ime Ca concentrat ions suggest an annual d i s s o l u t i o n  o f  as 
much as 4.2  g CaC03/m2. Acid was produced throughout the year by the 
ox idat ion o f  organic carbon by oxygen. A second source o f  ac id  was the 
ox ida t ion  o f  solid-phase su l f i des ;  t h i s  process appears t o  have been 
espec ia l ly  important i n  the spring. I n  August 84, the pore waters between 0 
and 4 cm were s i g n i f i c a n t l y  undersaturated w i th  respect  t o  CaCO,, y e t  the 
dissolved Ca p r o f i l e  d id  not  i nd ica te  t ha t  there was d i sso lu t i on  o f  CaC0,. 
I n  t h i s  month, there was no CaC0, present i n  the sediments t o  d isso lve.  
However, the d isso lu t ion  o f  CaCO, cannot account e n t i r e l y  f o r  the observed 
enr i  chment o f  ' 3 C  i n  CCOz added t o  the pore water. 
An add i t i ona l  source o f  ' 3C-enri ched carbon was bottom water carbonate 
ion. I n  every month studied, there was a net  f l u x  o f  CCOz from pore water 
t o  bottom water. The f l u x  o f  pore water CC02 t o  bottom water ( J t )  
ranged from a minimum o f  10 x l o - '  rnol /cm2-sec i n  December 83 t o  a 
maximum o f  50 x l o - ' '  mol /cm2-sec i n  August 84. However, the pH o f  bottom 
water was about 8 whi le t h a t  o f  the pore water was less than o r  equal t o  7 .  
Pore water was more ac id i c  because o f  the add i t i on  o f  ac id  from the ox ida t ion  
o f  organic carbon and solid-phase su l f i des .  Because o f  t h i s ,  the r e l a t i v e  
propor t ion o f  the d i f f e r e n t  species o f  inorganic carbon (HzCO:, 
HCO;, Cog-)  was very d i f f e r e n t  i n  bottom water and pore water; the 
concentrat ion o f  CO:- i n  bottom water was greater  than the concentrat ion 
i n  pore water. Thus, wh i le  there i s  a net  f l ux  of CCOz from pore water t o  
bottom water, there i s  a f l u x  o f  carbonate ion  from bottom water to  pore 
water. Because bottom water CC02 was more ' 3C-enri ched than pore water 
CC02, the t rans fe r  o f  bottom water carbonate ion  t o  pore water was a 
source o f  13C-enriched carbon t o  the pore water. If the 6 '  " o f  COz 
added t o  the pore water from the ox ida t ion  of organic carbon i s  -20.6 0100, 
then the f l u x  o f  CO:- from bottom water t o  pore water must be 10-30% of 
the t o t a l  f l u x  o f  CCO, from pore water t o  bottom water. 
The in f luence of bottom water carbonate Ion on pore water CCOz i s  
maximized i n  a coastal envlronment. The f l u x  o f  carbonate i o n  from bottom 
water i s  most important near the sediment water in ter face,  bu t  i s  important t o  
greater  depths because of the extent  o f  i r r i g a t i o n .  The f l u x  of CCO, 
across the sediment water in ter face due t o  i r r i g a t i o n  can account f o r  as much 
as 50% o f  the t o t a l  f l u x .  This i s  much higher than t ha t  ca lcu la ted f o r  
dissolved metals (Martin, 1985>, because there i s  no appreciable p rec i p i t a t i on  
o f  carbonate so l i ds  i n  these sediments whi le there i s  s i g n i f i c a n t  metal 
p rec i p i t a t i on .  The est imate o f  the i r r i g a t i o n a l  f l u x  I s  l i m l  ted by our 
knowledge o f  the permeabi l i ty  o f  burrow wal ls  because the ca lcu la t ions  assume 
t ha t  the t ranspor t  of a so lu te  across a burrow wal l  i s  s i m i l a r  t o  molecular 
d i f fus ion  across the sediment water inter face.  Since burrow l i n i n g s  probably 
i n h i b i t  d i f f u s i o n  ( A l  l e r ,  19841, the i r r i g a t i o n  estimates must be considered a 
maxi mum. a 
The d i f f u s i o n  o f  carbonate ion from bottom water t o  pore water can expla in 
the enrichment o f  13C i n  pore water CCO, f o r  every month except June 
84. I n  June 84, t he  lCOt i n  the pore waters between 0 and 3 cm was more 
enr iched i n  ' 'C than i n  any o t h e r  month. The va lue  o f  6°C-~CO, i n  
the  0-0.5 sediment i n t e r v a l  (+4.0 o/oo> was more p o s i t i v e  t han  the  bot tom 
water  va lue ( + I  . 3  0100) and than any p o t e n t i a l  source o f  carbon to  the  pore  
water i d e n t i f i e d  i n  t h i s  study. The i s o t o p i c  f r a c t i o n a t i o n  between the  
species o f  CC02 coupled w i t h  t he  ext remely low pH values observed i n  t he  
pore waters between 0 and 3 cm suggested t h a t  d i f f u s i o n  o f  H,CO: f rom 
t h e  sediment might  e x p l a i n  the observed iso tope  r a t i o s .  The f l u x  of lCOz 
f rom the  low pH pore water to bot tom water con ta ined  a s i g n i f i c a n t  amount of 
H2C03 (as much as 50%). Since the  i s o t o p i c  f r a c t i o n a t i o n  between 
H,COz and HCO; i s  approx imate ly  8 0100 w i t h  HtCO; enr iched 
i n  '*C (Deines, 1974>,  t h e  June da ta  suggest t h a t  d i f f u s i o n  o f  H2CO; 
from the sediments removed s i g n i f i c a n t  q u a n t i t i e s  o f  I2C f r om t h e  sediments. 
VI.3. Nature o f  the Organic Carbon Ox id ized  
I n  response to the  r e s u l t s  f rom t h e  f i e l d  s tud ies ,  l a b o r a t o r y  experiments 
were conducted t o  determine whether t h e  6 '  3~ o f  C02 produced f rom the  
o x i d a t i o n  o f  o rgan i c  carbon (613C-~~, , )  was d i f f e r e n t  from t h e  613C 
o f  o rgan ic  carbon i n  the  sediments (6°C-SOC). I n  the  l a b o r a t o r y  
experiments, mud f rom the  sampling s i t e  was incubated  a t  a  cons tan t  
temperature. Three depths were s tud ied  (0-3, 10-15, and 20-25 cm). For t h e  
f i r s t  study ( I E l ) ,  sediment was s t i r r e d  t o  homogenize i t  b e f o r e  pack ing i n t o  
c e n t r i f u g e  tubes for incubat ion .  For the  second study ( I E Z ) ,  sediment was 
in t roduced d i r e c t l y  i n t o  g lass  i ncuba t i on  tubes by subcor i  ng. The second 
procedure g r e a t l y  reduced d is tu rbance t o  the sediment. Rates of  COz 
p roduc t i on  were c a l c u l a t e d  f rom the  concen t ra t i ons  o f  CCO, measured over  
up t o  46 days. 
I n  bo th  s tud ies ,  the  values of R, i n  the  deeper i n t e r v a l s  were about  10% 
o f  the  sur face  values. Th is  i s  c o n s i s t e n t  w i t h  the  r e s u l t s  o f  t h e  CCOz 
model, a1 though the  r a t e s  decrease more r a p i d l y  i n  the f i e l d .  I n  a l l  cases, 
t he  reminera l  i z a t i o n  r a t e s  du r i ng  the  beg inn ing  o f  IE1 were much g r e a t e r  than 
those a t  the beg inn ing  of IE2 .  The sediment f o r  I E 1  was c o l l e c t e d  i n  February 
84.  The measured va lue  of R, i n  the surface sediment of t h e  l a b o r a t o r y  
experiment (24  x l o - '  mo l l l - sec)  i s  much g r e a t e r  than the  va lue  of R, 
observed i n  t h e  f i e l d  i n  another w i n t e r  month, December 83 ( .  62 x lo - ' ) .  
The sediment f o r  I E 2  was c o l l e c t e d  i n  August 85.  The measured va lues  o f  R, 
i n  the sur face  sediment (6.6-12 x mo l l l - sec )  were c o n s i s t e n t  w i t h  t h e  
f i e l d  values f rom August 84 (7 .5  x lo- ' ) .  The CCOz r e s u l t s  i n d i c a t e  
t h a t  IE2 reproduced f i e l d  cond i t i ons  more a c c u r a t e l y  than I E 1  d i d .  Th i s  
r e s u l t  s t resses the  importance o f  c a r e f u l  sediment sampl i ng when s tudy ing  
m i c r o b i a l  processes. 
The i s o t o p i c  r e s u l t s  f rom the  experiments s t r o n g l y  suggest t h a t  
s'~c-oc., i n  the  sur face  sediments ( -17 .8  0100 + 1 . 9  o loo )  i s  g rea te r  
than 6'  3C-SOC (-20.6 2 0.2 0100). However, the  v a r i a b i l i t y  i n  the  
experiments was g r e a t  and f u r t h e r  work must be done t o  conf i rm these r e s u l t s .  
The magnitude of the  observed f r a c t i o n a t i o n  was small enough t h a t  the observed 
values o f  6 '  3C-CC02 i n  the  pore waters can be.expla ined by 
f r a c t i o n a t e d  o x i d a t i o n  coupled w i t h  t he  d i f f u s i o n  o f  carbonate i o n  from bottom 
water t o  pore water .  
Since 6 '  3C-OC,, i s  g rea te r  than 6 '  3C-SOC, the  o rgan ic  carbon 
preserved i n  t he  sediments i s  no t  r e p r e s e n t a t i v e  of the carbon t h a t  i s  
ox id ized i n  the sediments. I t  appears t ha t  a  se lec t i ve  po r t i on  o f  the organic 
matter i s  remineral ized p re fe ren t i a l  l y .  This may happen a t  a  v a r i e t y  o f  
leve ls .  Fresh phytodet r i tus  i s  almost c e r t a i n l y  ox id i zed  f irst, because i t  i s  
the most l a b i l e  f r a c t i o n  o f  organic matter reaching the sediment water 
in ter face.  I t  i s  possib le t ha t  the 6' 3C o f  phytodet r i  tus i s  d i f f e r e n t  
from t h a t  o f  the bulk organic carbon reaching the sediment water in ter face.  
I t  has been observed t h a t  ce r t a i n  groups of molecules a re  remlneral ized before 
the bulk organic carbon, e.g. carbohydrates (Hatcher e t  a l .  19831, s t e r o l s  
(Lee e t  a l . ,  1977>, and amino acids (Henrichs, 1980). The p r e f e r e n t i a l  
remineral i z a t i o n  o f  carbohydrates could exp la in  the observed f r a c t i o n a t i o n  if 
the concentrat ion o f  carbohydrates i n  the ox id ized organic carbon i s  greater  
than 50% because the 6I3C o f  carbohydrates i s  4-5 o loo  enrlched i n  I3C 
over the bulk organic carbon. L l  kewi se, p re fe ren t i a l  cleavage o f  carboxyl 
groups, which are enriched i n  13C would cause 6°C-OC,, t o  be enriched 
i n  I3C. Further laboratory experiments are needed t o  conf i rm whether 
molecular-specif i  c  ox ida t ion  could exp la in  the r e s u l t s  o f  t h i  s study. 
VI.4. Conclusions 
This study o f  the reminera l i za t ion  o f  organic carbon i n  Buzzards Bay 
showed t ha t  more than 90% o f  the organic carbon reaching the sediments i s  
ox id ized t o  C02. To model the CCOz p r o f i l e ,  i t  was assumed t ha t  the 
remineral i z a t i o n  occurs w i t h i n  the sediment column. The abi 1 i t y  o f  the model 
t o  reproduce the observed p ro f i l e s  i s  one ind ica to r  t h a t  t h i s  assumption i s  
va l i d .  I t  i s  l i k e l y  t h a t  remineral i za t i on  ra tes  are greatest  near the 
sediment water i n te r face ,  but  t ha t  most o f  the reminera l i za t ion  occurs w i t h i n  
the sediments. The r a p i d  solid-phase mixing ra tes  i n  nearshore sediments and 
the r e l a t i v e l y  shor t  water column a l low large quan t i t i es  o f  e a s i l y  
metabol izable carbon t o  be wel l  mixed i n t o  the sediment column. The increased 
df f fus ional  area created by burrows enhances the supply o f  oxidants to the 
deeper sediments and provides avenues f o r  the removal o f  p o t e n t i a l l y  t ox i c  
metabol i tes. Thus, nearshore sediments represent an environment where the 
reminera l i za t ion  o f  organic carbon w i t h i n  the sediment column i s  maximized, 
While the r a t i o  o f  organic carbon remineral ized t o  organic carbon bur ied i s  
s im i l a r  i n  a1 1 sediment environments, the supply of organic carbon t o  coastal  
sediments i s  so la rge t ha t  propor t ionate ly  more organic matter i s  
remineral ized i n  the sediments than compared t o  the open ocean (Bender and 
Heggi e, 1984). 
The 6 '  3C o f  CCO, i s  a sens i t ive  ind ica to r  o f  the processes 
a f f e c t i n g  the d l  ssolved inorganic pool .  The pore water i so top i c  data ind ica te  
t h a t  there i s  a s i g n i f i c a n t  f l u x  of carbonate i o n  from bottom water t o  pore 
water. Emerson and Bender (1981 discussed the importance of bottom water 
CCO, and d i sso lu t i on  o f  CaCO, as sources o f  CO:- which could 
neu t ra l i ze  the ac id  formed from the ox ida t ion  o f  organic carbon by oxygen i n  
deep sea sediments. Based on t h e i r  estimates o f  the r e l a t i v e  ra tes  o f  
ox ida t ion  and d isso lu t ion ,  they concluded t h a t  bottom water was an unimportant 
source o f  carbonate ion. However, the sediments they discussed were 
CaC0,-rich, un l i ke  the coastal sediments studied here. I n  coastal 
sediments, the lack  o f  CaC03, the high q u a l i t y  o f  the organic matter, and 
the ac id  produced from the ox idat ion o f  organic matter and solid-phase 
su l f i des  create a s i t u a t i o n  where bottom water CCOz i s  an important source 
o f  C O ~ -  t o  pore water. 
The resu l t s  o f  the incubation experiments s t rong ly  suggest t h a t  
6'  3C-OC,x i s  g rea te r  than 6 '  3C-SOC and t h a t  t h i s  d i f f e r e n c e  i s  
g r e a t e s t  i n  t h e  sur face sediments. If t h i s  i s  so, then the  d i f f e r e n c e  between 
6 '  3C-OC0x and 6 '  3C-SOC i s  most probably  a  r e s u l t  o f  the  complex 
na tu re  o f  t h e  o rgan ic  carbon reach ing  the  sediment water i n t e r f a c e  i n  a  
coas ta l  environment.  I n  o t h e r  words, t he  carbon o x i d i z e d  f i r s t ,  and, thus,  
c l o s e s t  t o  the  sediment surface, i s  f resh p h y t o d e t r i t u s .  The d i f f e r e n c e  
between the  6°C o f  p h y t o d e t r i t u s  and the  6°C o f  SOC cannot be seen 
i n  the  sediments because o f  t he  r a p i d  mix ing  r a t e s  i n  t h e  upper 3 cm. 
Future work 
I t  w i l l  be impor tan t  f o r  f u r t h e r  research to  document whether t h e  o rgan i c  
carbon o x i d i z e d  i n  the sediments i s  i s o t o p i c a l  l y  r e p r e s e n t a t i v e  o f  t he  o r g a n i c  
carbon i n  t he  sediments. The ac tua l  va lue o f  G'~C-OC,, needs to  be 
v e r i f i e d .  Fu r the r  work w i t h  i ncuba t i on  experiments i s  one way t o  accompl ish 
t h i s .  I t  i s  a l s o  impor tan t  t o  i n v e s t l g a t e  t he  6 I3C  of  DOC i n  pore water  
as t h i s  carbon pool  c o n s t i t u t e s  10-25% of the t o t a l  carbon i n  t he  d i s s o l v e d  
phase. The 6 '  3C of DOC may r e f l e c t  the f r a c t i o n a t e d  o x i d a t i o n  suggested 
by t h i s  study. 
I t  w i l l  a l s o  be impor tan t  t o  i n v e s t i g a t e  what causes f r a c t i o n a t i o n  d u r i n g  
o x i d a t i o n  and t o  document whether i t  i s  impor tan t  elsewhere i n  the  marine 
environment. I f  the observed f r a c t i o n a t i o n  i s  due t o  t h e  complex sources o f  
carbon t o  coas ta l  sediments, then i t  may be unimpor tant  i n  open ocean 
sediments. However, if the  f r a c t i o n a t i o n  i s  due t o  a  mo lecu la r  process, such 
as the p r e f e r e n t i a l  cleavage of carboxy l  groups, i t  cou ld  be a very  impo r tan t  
process i n  oceanic  sediments. 
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APPENDIX I 
Pat8 T a b l ~ s  
Pore Water Data 
DOC 
ImaC/L1 
n.d. 
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23.7 
n.d. 
10.0 
19.9 
18.4 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
29.1 
n.d. 
n.d. 
25.8 
n.d. 
n.d. 
n.d. 
Solid-phase data 
* -n.d. ind icates analysis was no t  performed on sample 
-An aster isk  a f t e r  the value o f  6 'c-Eco~ ind ica tes  the sample was sampled t o  a p l a s t i c  syr inge and 
f i l t e r e d  i n t o  a glass syr inge; t w o  as te r i sks  ind icates both syr inges were glass .  
Pore Water Data Solid-phase data 
DOC 
(maC/L1 
4 . 5  
8 . 2  
n . d .  
n.d. 
15.8 
13 .3  
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6.2  
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12.9 
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